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Having higher aerobic fitness levels leads to better cognitive performance and increases 
in the oxygenation of the prefrontal cortex (PFC) (i.e., increase in PFC activation patterns). 
Unfortunately, it is unknown how aerobic fitness levels can affect these measures while dual-task 
walking. Additionally, the relationship between aerobic fitness levels and cognitive motor 
interference (CMI), which is a direct of measure of dual-task performance related to falls in older 
adults, has not been examined. It is important to understand these relationships because falls 
related to dual-task walking is very common in older adults and causes major consequences that 
negatively affect their quality of life. Thus, the objective of this dissertation was to examine the 
encompassing effects of aerobic fitness on dual-task walking in older adults by examining 
cognitive motor interference, cognitive performance, and changes in PFC activation patterns. For 
the studies included in the dissertation, depending on the study design, the sample size differed 
(i.e., 24 vs 34 participants) and different tasks were incorporated (i.e., single task walking, dual-
task standing, or dual-task walking). All studies involved assessing aerobic fitness levels with the 
Rockport 1 mile walk test and performing the Modified Stroop Color Word Test on a self-
instrumented treadmill. Gait speed dual-task cost was used to measure CMI and the Stroop 
Interference was used as the measure for cognitive performance. Chapter 1 found that lower fit 
individuals exhibited higher dual-task cost than the higher fit individuals when going from 
single-task walking to dual-task walking. Furthermore, when compared to the easiest dual-task 
Stroop condition, all participants exhibited decreases in dual-task cost during the other dual-task 
walking conditions with increasing difficulty. Chapter 2 found that individuals with lower 
estimated VO2max scores exhibited lower cognitive performance (i.e., greater SI) while dual-
task walking when compared to individuals with higher estimated VO2max scores and dual-task 
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standing in a moderately difficult Stroop condition. Additionally, during the most difficult Stroop 
condition, individuals with lower estimated VO2max scores exhibited greater SI while both dual-
task walking and dual-task standing. Chapter 3 found that lower fit individuals exhibited greater 
decrements in recruitment of PFC activation (i.e., greater changes in PFC when going from 
single-task walking to dual-task walking) during the most difficult Stroop condition when 
compared to higher fit individuals and the easiest Stroop condition. Additionally, the fitness level 
groups only differed in PFC activation patterns while dual-task standing with a moderately 
difficult Stroop condition. Overall, the findings from this study indicated that while dual-task 
walking, individuals with lower fitness levels or low estimated VO2max scores exhibited greater 
decrements in physical and cognitive dual-task performance and greater recruitment of 
attentional resources which is consistent with the neural efficiency model. As a whole, these 
study’s findings add to the current literature establishing the beneficial effects of aerobic fitness 
for dual-task walking. While this study was the first to examine the overall effects of aerobic 
fitness on measures directly and indirectly related to dual-tasking, no causal relationships can be 
formed. Thus, it is recommended for research to examine the effects of an aerobic intervention 
program on these measures in older adults. Such findings will elucidate the importance of 
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Walking is typically argued to be an automatic process controlled by the subcortical and 
spinal regions (Beauchet & Berrut, 2006; Yogev et al., 2005). More recently, the idea of dual 
tasking (e.g., walking and talking on the phone) has challenged this idea. Because dual-task 
walking requires higher cortical regions, studies have concluded that walking is not automatic 
(Brauer et al., 2002; Dubost et al., 2006; Woollacott & Shumway-Cook, 2002; Yogev et al., 
2005). Moreover, dual tasking negatively influences the lives of older adults. While dual-tasking, 
gait parameters are altered (e.g., slower gait speeds, smaller step length, and wider step width) in 
older adults (Al-Yahya, 2011; Brauer et al., 2002; Dubost et al., 2006; Hall et al., 2011; 
Hausdorff, 2006, 2008; Hollman et al., 2007; Leh et al., 2010; Montero-Odasso et al., 2009; 
Shumway-Cook et al., 2007; Smith et al, 2016, 2017; Springer et al., 2006; Theill et al., 2011; 
van Iersel et al., 2008; Verghese et al., 2002; Wild et al., 2013; Woollacott & Shumway-Cook, 
2002; Yogev et al., 2005; Yogev-Seligmann, 2008). These alterations in gait parameters are also 
known as dual-task cost and have been directly linked with a higher risk of falls in (Beauchet et 
al., 2008; Bloem et al., 2003; Hausdorff et al., 2001; Verghese et al., 2002). Falls can cause 
injury and/or hospitalization, which decreases the quality of life and has high medical costs 
associated with it (Holtzer et al., 2007; Kannus et al., 2005; Rubenstein et al., 2006). With falls 
leading to such potential consequences, it is essential to examine the different factors that may be 
responsible for improving cognitive and physical performance while dual-task walking. Thus, to 
decrease the risk of falls and ease the ability of dual tasking, it is important to examine how to 
improve the cognitive and physical performance while dual tasking in older adults. 
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Essential for dual-tasking (Anderson et al., 2008) and controlled by the prefrontal cortex 
(PFC) (Hausdorff et al., 2008; Herman et al., 2010; Holtzer et al., 2004; Stelzel et al., 2009; 
Turner and Spreng, 2012), executive function has been found to be impaired in older adults 
(Hausdorff et al., 2006; Schmitter and Parsey, 2014; Wecker et al., 2005). Fortuitously, research 
has thoroughly established improvements in executive function due to physical activity and 
aerobic fitness (Bixby et al., 2007; Erickson et al., 2011; Hillman et al., 2006 & 2008; Hyodo et 
al., 2012; Kramer et al., 1999; Predovan et al., 2012; Voelcker-Rehage et al., 2013; Yuki et al., 
2012). Specifically, there is a positive relationship between PFC activation patterns, cognitive 
performance, and exercise in older adults. Specifically, individuals with greater aerobic fitness 
exhibit greater activation levels and better cognitive performance when compared to less fit 
individuals (Colcombe et al., 2004; Dupuy et al., 2015; Prakash et al., 2011). Furthermore, when 
taking part in a cognitively demanding task, individuals with higher levels of aerobic fitness 
exhibit better task performance when compared to their low aerobically fit counterparts 
(Berryman et al., 2013; Weinstein et al., 2012). Lastly, Wong et al. (2015) found that older adults 
with higher levels of aerobic fitness demonstrated better task performance along with increased 
PFC activation (through functional magnetic resonance imaging) while dual-tasking (e.g., finger 
tapping on letter-number discrimination tasks). Meanwhile, the effect of aerobic fitness levels on 
the executive function required for dual-task walking in older adults as measured through PFC 
activation (i.e., using functional near-infrared spectroscopy [fNIRS]) has not been examined.  
Cognitive motor interference (CMI) is commonly assessed through dual-task paradigms. 
CMI occurs while dual tasking, when the two tasks (e.g., walking and talking) compete for 
attention from the same system and thus cause attentional demands to increase and the 
performance on one or both tasks to deteriorate (Al-Yahya et al., 2011; McDowd and Shaw, 
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2000; Plummer et al., 2013; Ruthruff et al., 2001; Tombu et al., 2003; Verhaeghen et al., 2003). 
CMI is measured by dual-task cost, which is represented as a percentage change of a subtask 
(e.g., performance on the cognitive or physical task) between single and dual task conditions 
(Friedman et al., 1982). Walking performance is altered (e.g., slower gait speeds and stride and 
step times, wider step widths, shorter stride lengths and single support time, longer double 
support time, decreases in stride velocity, and greater gait variability measures) during a dual-
task when compared to a single task in older adults (Al-Yahya, 2011; Brauer et al., 2002; Dubost 
et al., 2006; Hall et al., 2011; Hausdorff, 2006, 2008; Hollman et al., 2007; Leh et al., 2010; 
Montero-Odasso et al., 2009; Shumway-Cook et al., 2007; Smith et al, 2016, 2017; Springer et 
al., 2006; Theill et al., 2011; van Iersel et al., 2008; Verghese et al., 2002; Wild et al., 2013; 
Woollacott & Shumway-Cook, 2002; Yogev et al., 2005; Yogev-Seligmann, 2008). Specifically, 
the decreases in gait speed found during dual-task when compared to single task, exhibited that 
the brain networks responsible for gait speed and executive function (i.e., PFC) were shared 
(Harada et al., 2009; Suzuki et al., 2004; Yogev-Seligmann et al., 2008). Thus, CMI occurs when 
these brain networks are shared (Klingberg, 2000). Because impairments in gait parameters 
observed while dual-tasking have been directly linked with a higher risk of falls in older adults 
(Beauchet et al., 2008; Bloem et al., 2003; Hausdorff et al., 2001; Verghese et al., 2002), it is 
important for research to examine the underlying factors responsible for reducing dual-task cost. 
Due to the benefits associated with higher aerobic fitness levels (e.g., improvements in executive 
function), it is assumed that there can be an inverse association between aerobic fitness levels 
and CMI (as demonstrated by decreases in dual-task cost). Unfortunately, there is no current 
research examining how aerobic fitness impacts the cognitive and physical performance while 
dual task walking as measured through dual-task cost in older adults.   
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Additional roles of executive function, such as attentional control and having the ability to 
suppress irrelevant information (i.e., cognitive inhibition) (Bench et al., 1993), have been 
assessed through the Stroop color word task (Stroop, 1992) which examines selective attention, 
inhibition, and interference control (Adleman et al., 2002; Leon-Carrion et al., 2008; Schroeter et 
al., 2004). During the Stroop’s incongruent trials (e.g., see the word “red” in green color), if the 
performance decreases when compared to congruent trials (e.g., see the word “red’ in red color) 
it is called Stroop interference (SI). SI has been established as being a direct measure of 
cognitive inhibition (Stroop, 1992) which is essential for dual tasking. Specifically, individuals 
with lower levels of aerobic fitness demonstrate decreases in Stroop task performance when 
compared to higher fit individuals (Predovan et al., 2012). Lastly, it has been thoroughly 
established that with increasing age (i.e., from 20-89 years old), SI increases (Aschenbrenner & 
Balota, 2015; Bugg et al., 2007; Troyer et al., 2006; West & Baylis, 1998; Wolf et al., 2014;). 
Unfortunately, the effects of aerobic fitness on SI while dual-task walking in older adults is 
unknown. Furthermore, the use of the Modified Stroop Color Word Test (MSCWT), which 
includes the addition of a condition that requires a switch in focus, allows for further 
examination of the effect of increasing cognitive demands.  
Dual tasking occurs daily, particularly while walking, which can have serious consequences 
for older adults. Because of the consequences related to the associated risks of injurious falls, it 
is essential to examine how aerobic fitness levels can affect the cognitive and physical 
performance while dual tasking in older adults. Thus, this study’s overarching aim is to examine 
how aerobic fitness levels affects neural (i.e., PFC activation levels) and behavioral performance 
(i.e., dual-task cost and SI) while dual-task walking in older adults. This study may provide 
researchers, clinicians, and caregivers insight on ways to improve the cognitive and physical 
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performance while dual task walking for their participants, patients, and significant others by 
suggesting aerobic exercise. 
 The purpose of the current work was to examine the effects of aerobic fitness on dual-
tasking ability through the implementation of different independent variables. The primary aim 
of this study was to present an in-depth examination of aerobic fitness effects on dual task 
walking in older adults. By carrying out a study of this nature, future studies examining the falls 
risk related to dual task walking may be better informed regarding the benefits of aerobic fitness 
for dual-tasking ability.  
Three experiments were conducted, with each examining independent variables related to 
attentional demands required for dual task walking outlined above. Figure 1.1. reflects the 
concept map used as the foundation for these experiments. The goal of this work was to 
manipulate dual-task demands in healthy older adults to provide a comprehensive examination of 
the effects of aerobic fitness on dual task walking. It was hypothesized that each of the 
dependent variables examined would provide a thorough awareness of the benefits of aerobic 
fitness on dual-task walking performance and potentially highlight the importance for examining 




Figure. 1.1. Concept map used as a foundation for the dissertation.  
Experiment 1, outlined in chapter 3, examined the effects of aerobic fitness level on gait 
performance while dual-task walking as cognitive difficulty increased. Participants completed 
two tasks (single-task walking and dual-task walking) on a treadmill. Experiment 2 also included 
a sample of healthy older adults to investigate how aerobic fitness levels affects CMI as 
measured by gait speed dual-task cost.  
Experiment 2, outlined in chapter 4, aimed to determine the effect of aerobic fitness 
levels on cognitive dual-task performance (i.e., SI) under increasing dual-task physical demands 
in older adults. This experiment tested the cognitive performance with increasing cognitive 
demands during the MSCWT as well. Participants were asked to simultaneously walk or stand 
on a treadmill and perform the MSCWT to determine how adding a physical task alters SI. The 
experiment included a sample of older adults in order to investigate how aerobic fitness levels 
affected the cognitive performance with increasing physical dual-task demands as measured by 
SI. It is important to note that the participants included in this experiment were the same as those 
in examined in Chapter 3. Contrastingly, for experiment 2, in order to capture the effects of 
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estimated VO2 max levels on cognitive performance, the estimated VO2 max remained as a 
continuous variable and there were no cohorts.    
Experiment 3, outlined in chapter 5, examined how aerobic fitness levels affected the 
executive function required to dual-task by measuring PFC activation patterns while dual task 
walking with increasing task difficulty. The primary purpose of this protocol was to compare and 
contrast PFC activation patterns under single-task walking with dual-task walking and under 
dual-task walking with dual-task standing. Due to age-related changes, older adults were 
included to permit an examination of the relationship of aerobic fitness levels on PFC activation 
patterns while altering physical dual-task demands. It is important to note that for this 
experiment, because PFC activation patterns are more sensitive to age and gender differences, 
the cohorts needed to be age and gender matched. Thus, this resulted in a smaller subset of the 
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2.1.  OVERVIEW 
 The current review of literature summarizes the pertinent information for the 
significance, purpose and development of the conducted experiments. First, the consequences of 
falls in older adults and the relationship of falls to cognitive and physical function are presented. 
The chapter then highlights the impairments in function related to dual-tasking and presents 
theories used to explain cognitive motor interference. Additionally, the relationship found 
between executive function and the prefrontal cortex and aerobic fitness are discussed. Next, the 
various findings on prefrontal cortex activation and dual-tasking testing are discussed along with 
potential theories that can be used to explain those findings. Finally, the biological mechanisms 
that can help explain the benefits due to aerobic fitness along with the advantages of using fNIRS 
in this study are outlined.  
2.2. OLDER ADULTS 
The elderly population is expected to make up one-fifth of the world population (Adams 
& Holcomb, 2015). Specifically, it is projected that the population of adults 65 and older will be 
83.7 million in 2050 (Ortman et al., 2014). Within this population, the most frequent cause of 
injury is falls (Labib et al., 2011). Falls can also lead to hospitalization. Both injury and 
hospitalization decrease the quality of life and have high medical costs associated with them 
(Holtzer et al., 2007; Kannus et al., 2005; Rubenstein et al., 2006). In 2010, the cost of 
unintentional fall-related injuries (e.g., fatality, hospitalization, or treatment) was approximately 
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$111 billion (Verma, 2016). With falls causing severe consequences for older adults, it is 
essential to first assess the cause of falls within this population.  
2.3. COGNITIVE AND PHYSICAL FUNCTION IN OLDER ADULTS 
With increasing age, physical function diminishes (Lord, Lloyd, & Li, 1996; Riva et al., 
2013). Specifically, Bohannon (1997) found that from 20-79 years, there was a reduction in gait 
speed. Furthermore, it has been established that postural control is diminished from 30-73 years 
old (Sullivan et al., 2009). Postural instability has been shown to be present in women as early as 
the age of 50 (Choy et al., 2003). In adults between the ages of 60-69, the prevalence of gait and 
balance dysfunction increases by 10% (Mahlknecht, 2013). Furthermore, studies have found a 
link between impaired walking and cognition in older adults (Coppin et al., 2006; Scherder et al., 
2007).  
2.4. DUAL-TASKING 
Walking is complex and is usually performed while doing something else (Frank & Palta, 
2003; Lord et al., 2010). Lundin-Olsson (1997), observed the connections among falls risk, 
walking performance, and cognition in older adults; those who reported more falls would stop 
walking when answering a question. Walking has been typically thought to be an automatic 
process controlled by subcortical regions of the spine (Beauchet, 2006; Yogev et al., 2005). More 
recent thinking is that walking is no longer an automatic process. The ability to dual-task (e.g., 
walking and talking) has challenged the idea of walking as an automatic process due to its effects 
on gait. Walking performance is altered (e.g., slower gait speeds and stride and step times, wider 
step widths, shorter stride lengths and single support time, longer double support time, decreases 
in stride velocity, and greater gait variability) during a dual-task when compared to a single task 
in older adults (Al-Yahya, 2011; Brauer et al., 2002; Dubost et al., 2006; Hall et al., 2011; 
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Hausdorff, 2006, 2008; Hollman et al., 2007; Leh et al., 2010; Montero-Odasso et al., 2009; 
Shumway-Cook et al., 2007; Smith et al, 2016, 2017; Springer et al., 2006; Theill et al., 2011; 
van Iersel et al., 2008; Verghese et al., 2002; Wild et al., 2013; Woollacott & Shumway-Cook, 
2002; Yogev et al., 2005; Yogev-Seligmann, 2008). Furthermore, these dual-tasking gait 
impairments have been linked with a risk of falls (Al-Yahya, 2011; Beauchet et al., 2009; 
Frenkel-Toledo et al., 2005; Hollman, 2007; Lundin-Olson, 1997; Muir-Hunter 2016; Nordin 
2010).  
2.5. DUAL-TASK COST 
These impairments caused by dual-tasking have been referred to as dual-task cost. 
Impairments in both physical and cognitive function have been associated with dual-tasking in 
older adults (Holtzer, 2006; Springer et al., 2006; Woollacott, 2002). Furthermore, it has been 
found that the dual-task cost in older adults (Beauchet, 2008) is related to falls. dual-task cost is 
caused because of the competition between the attention required for gait and for the second task 
which is also known as CMI (Woollacott & Shumway-Cook, 2002). Because of the need for 
increased attention to the second task, there is an additional cognitive load and gait is impaired. 
The capacity theory, bottleneck theory, and multiple resource models have all been used to 
suggestion that CMI is caused when two tasks compete from the same system for attention 
leading to deterioration in performance of one or both tasks (Ruthruff, 2001; Tombu, 2003). 
With the awareness of how falls in this population are caused, it is essential to examine what 





2.6. EXECUTIVE FUNCTION AND PREFRONTAL CORTEX 
Executive function is a higher level of cognitive function that involves having the ability 
to effectively plan, monitor, adjust, inhibit, and update working memory (Anderson et al., 2008; 
Kudlicka et al., 2011; Miyake et al., 2000). It has been established that executive function is 
essential for dual-tasking (Coppin et al., 2006; Hausdorff, 2001). Through the use of 
neuroimaging methods, research has shown that the PFC controls executive function and is 
responsible for overseeing and coordinating the attentional resources while dual-tasking 
(Hausdorff, 2008; Herman et al., 2010; Holtzer, 2004; Miller & Cohen, 2001; Reuter-Lorenz et 
al., 2000; Stelzel et al., 2009; Turner and Spreng, 2012). Szameitat et al. (2002) concluded that 
because there is a relationship between PFC activity and dual-tasking, there is such a role for the 
frontal lobe function. Lastly, it has been found that the PFC is responsible for standing balance 
control (Mihara et al., 2008, 2012). Thus, because it is known that the PFC controls and is 
responsible for executive function and the attention allocated towards dual-tasking, it is 
important to examine how to improve executive function. 
2.7. AEROBIC FITNESS AND EXECUTIVE FUNCTION 
The role of physical activity and aerobic fitness on executive function in older adults has 
been well established. Findings have concluded that physical activity improves and preserves 
cognitive function in older adults (Bixby et al., 2007; Hillman et al., 2006 & 2008; Hyodo et al., 
2012; Sofi et al., 2011; Voelcker-Rehage et al., 2013; Voss et al., 2011; Yuki et al., 2012) and 
increasing or maintaining aerobic fitness reduces cognitive decline (Barnes et al., 2003), 
improves executive control (Colcombe & Kramer, 2003; Guiney & Machado, 2013; Kramer et 
al., 1999; Predovan et al., 2012; Smith et al., 2010), protects from further neural degeneration 
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(Colcombe et al., 2003, 2006), increases the adaptability and efficiency of the brain (Colcombe 
et al., 2004 Prakash et al., 2011; Voss et al., 2010), and increases memory capabilities (Erickson 
et al., 2011). Predovan et al. (2012) examined how the effects of aerobic fitness in sedentary 
older adults impacted executive function as measured by the Stroop test and found that those 
participating in the aerobic training program significantly improved the Stroop task performance. 
Wong et al. (2015) showed that older adults with greater aerobic fitness exhibited better dual-
task performance (e.g., letter and number discrimination task) than individuals with lower 
aerobic fitness levels. In addition, Weinstein et al. (2012) found an inverse relationship between 
older adult’s fitness levels and amount of brain atrophy. While there is an extensive amount of 
research that has examined the effects of aerobic fitness on executive function measures in older 
adults, it is unknown how the effects of aerobic fitness influence the ability to dual-task in this 
population.  
2.8. FUNCTIONAL NEAR-INFRARED SPECTROSCOPY 
By understanding what improves executive function, research has started to discover 
ways of examining the PFC. Until recent advances in technology, observing changes in the brain 
while moving was very difficult, not particularly feasible, and unreliable. Functional Near-
Infrared Spectroscopy (fNIRS) is a technology that has been validated for the use of examining 
hemodynamic responses in the PFC while walking and during other dynamic movements 
(Atsumori et al., 2010; Hamacher et al., 2015; Holtzer et al., 2011; Leff et al., 2011; Miyai et al., 
2001; Noah et al., 2015; Piper et al., 2014). An fNIRS apparatus is composed of a light source 
that is placed over a tissue source head via light-emitting diodes (LEDs) with a detector that 
receives the light after it has been scattered through the tissue. This imaging device is based on 
near-infrared (650-1000 nm) light that is propagated into the tissue and is absorbed by oxy-
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hemoglobin (HbO2) and deoxyHb (Huppert et al., 2006) which have been established as being 
markers of oxygen utilization and delivery (Bunce et al., 2006). HbO2 has been established as a 
being a direct reflection of cortical activation and the most reliable for measuring movement 
changes in cerebral blood flow (Doi et al., 2013; Miyai et al., 2001; Strangman et al., 2003; 
Vermeij et al., 2012). Moreover, PFC HbO2 levels have been validated after being correlated 
with levels measured by the more commonly used method of functional magnetic resonance 
imaging (fMRI) (Eggebrecht et al., 2012; Fabiani, 2014; Heinzel et al., 2013; Sato et al., 2013;).  
2.9. PFC ACTIVATION THEORIES 
When there is an increase in neural activity, there is also an increase in cerebral blood flow to 
those regions of the brain which results in higher blood oxygenation. As such, higher HbO2 
levels indicate higher PFC activation patterns. This is referred to as neurovascular coupling 
(Fabiani, 2014; Perrey, 2008;). Unfortunately, with increasing age, there are mixed findings with 
cortical activation behavior. As measured with fMRI and Positron Emission Tomography (PET), 
older adults exhibit more activation in the frontal cortices compared to younger adults (Cabeza et 
al., 2002; Esposito et al., 1999; Reuter-Lorenz, 2000; Rypma et al., 2002). In addition, the 
pattern of PFC activation observed in older adults is more diffused when compared to younger 
adults (Beauvais et al., 2013; Hagen et al., 2014; Laguë- Müller et al., 2014). Various models 
have been proposed to help explain these activation behaviors.  
The increase in PFC activation observed in older adults versus young adults has been 
explained by age-related cognitive decline (Logan et al., 2002) and the increased effort needed 
to perform better (Cabeza, 2002; Reuter-Lorenz, 2002). De-differentiation has been used to 
explain how older adults inefficiently recruit additional regions of the brain when compared to 
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younger adults (Logan et al., 2002; Riecker et al., 2006.) The compensation theory states that 
due to age-related structural declines, there is compensation by recruiting more areas as task 
performance increases (Cabeza, 2001; Heuninickx et al., 2008; Reuter-Lorenz and Lustig, 2005). 
Specifically, with increasing age, the lateralized activation of the PFC is less effective and 
leads to activation increases in the bilateral areas (Reuter-Lorenz, 2000; Cabeza et al., 1997; 
Grady et al., 1999; Vermeij, 2012). This additional recruitment of brain areas seen only in the 
elderly has been referred to as the hemispheric asymmetry reduction in older adults (HAROLD) 
(Cabeza, 2002). A phenomenon known as the posterior-anterior shift in aging (PASA), in which 
older adults exhibit a decrease in activation of the occipitotemporal region of the brain while 
increasing activation in frontal areas, has also been discussed in the literature (Davis et al., 2008; 
Grady et al., 1994).  
The Compensation-Related Utilization of Neural Circuits Hypothesis (CRUNCH) (Reuter-
Lorenz and Cappell, 2008) has discovered that at low loads of cognitive demand, older adults 
recruit more regions of the brain/cognitive resources (due to less efficient processing) while 
younger adults demonstrate more focal activation. The scaffolding theory of aging and cognition 
(STAC) (Park & Reuter-Lorenz, 2009) refers to the ability of the aging brain to adapt and 
compensate by using both the declining and compensatory brain networks to maintain task 
performance. The neural compensation theory has been introduced, which refers to recruiting a 
new brain network to compensate for the current brain network that is no longer capable of 
functioning the same due to age-related declines (Stern Y, 2002; Stern et al., 2005). Lastly, in a 
meta-analysis by Spreng et al. (2010), it was concluded that older adults do in fact recruit more 
of the frontal areas of the brain than younger adults which reflects a compensatory action due to 
the less efficient or effective use of these regions.  
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Contrastingly, research has found lower activation in older adults when compared younger 
counterparts. A negative correlation between increasing age and PFC activation was found 
between older adults and younger adults; older adults demonstrated smaller increases in PFC 
activation when compared to younger adults (Hock et al., 1995; Kwee & Nakada, 2003). 
Schroeter et al. (2013) found that while older adults had lower PFC activation, the younger 
adults demonstrated higher PFC activation during the Stroop conditions. Lastly, Hermann et al. 
(2006) found that older adults exhibited less PFC activation and no lateralization effect while 
taking part in a verbal fluency task when compared to young adults.  
Using fMRI and PET techniques, older adult exhibit under-activation of brain areas. This 
leads to less metabolic demands being placed on the brain and thus reflect the smaller increases 
in blood flow (Reuter-Lorenz & Cappell, 2008; Reuter-Lorenz & Park, 2010). In their review, 
Reuter-Lorenz and Park (2010) stated that older adults should demonstrate activation of the 
cortical regions in parallel with performance; under-activation would lead to declines in 
cognitive performance. The dedifferentiation hypothesis helps explain the re-organization of the 
functional brain that leads to a reduction in activation in some areas of the brain while others are 
activated (Li et al., 2000). Hock (1995) suggested de-coupling of brain activity and blow flow as 
a possible explanation for this type of activation behavior. In addition, Reuter-Lorenz & Lustig 
(2005) stated that as task demand increases, older adults reach a resource ceiling, which results 
in the under-activation relative to young adults. 
The cognitive reserve theory (Stern, 2005) was introduced to explain why young adults 
demonstrate greater increases in brain activation in response to increased cognitive task 
demands. An individual who has brain networks that are more efficient, flexible, or have greater 
capacity, will have a higher coping capability even with any brain pathology disruptions present 
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(Stern, 2002). This has been explained by Fujita et al. (2016) who found that younger adults with 
higher working memory span (e.g., higher score on the reading span test) exhibited increased 
PFC activation during a dual-task.  
It is important to note, that because these models were developed from fMRI and PET 
studies, they cannot be automatically applied to fNIRS activation behavior. Thus, Agbangla et al. 
(2017) concluded in his systematic review that fNIRS should be used as a suitable technique for 
examining hypotheses on superficial cortical areas such as the PFC. Furthermore, when 
examining neurodegenerative disorders, only Zeller et al. (2010) found that individuals with 
Alzheimer’s disease exhibited PFC activation deficits when compared to a healthy control group. 
Thus, research examining the PFC activation patterns of older adults during a cognitive task is 
needed. 
2.10. PFC ACTIVATION WHILE DUAL TASKING 
Research examining PFC activation while dual tasking has shown conflicting and mixed 
results. While dual tasking, increases in PFC activation have been observed in older adults when 
compared to both performing a single task and to younger adults (Chen et al., 2017; Klingberg et 
al., 1997; Ohsugi et al., 2013). This increase in activation has been explained by the 
compensatory theory discussed above (Cabeza, 2002); older adults compensate and exhibit 
bilateral activation of the PFC during demanding tasks in order to enhance cognitive 
performance when compared to young adults.  
By contrasting, research has found decreased PFC activation while dual-tasking in older 
adults versus young adults (Beurskens et al., 2014; Holtzer, 2011, 2015). This type of behavior 
can be explained by a possible shift of processing from the PFC to other regions of the brain to 
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manage the dual-tasking demands. This opposes the cognitive resource theories which state that 
with increasing age, as task demands increase, there are greater increases in brain activity 
(Steffener & Stern, 2012) or additional utilization of contralateral brain areas. The neural 
inefficiency model states that due to age-related changes in structure and function, the brain is 
inefficient in its ability to allocate resources (Zarahn et al., 2007). In addition, it can be partially 
explained by neural plasticity and the cognitive network strategies utilized in dual-tasking 
(Barulli & Stern, 2013; Reuter-Lorenz & Cappell, 2008); with increasing age, there is less 
plasticity and fewer strategies to use which lead to decreases in activation. With the contrasting 
results regarding PFC activation patterns in older adults and young adults while dual-tasking, it 
is uncertain what would be expected in older adults while dual-tasking.  
When examining older adults only, research has found that PFC activation increased during 
dual-task walking when compared to normal walking (Al-Yahya et al., 2016; Doi, 2013). 
Surprisingly, Mirelman et al. (2017) found that both young and older adults increased PFC 
activation during dual-task. Research has made links between PFC activation, behavior, and 
cognition. Holtzer et al. (2016) found that older adults with better cognitive performance 
exhibited higher PFC activation during dual-task walking. In addition, research has examined 
relationships between PFC activation and motor performance while dual-tasking in older adults. 
Holtzer (2016) found that older adults with neurological gait abnormalities and cognitive 
performance deficiencies exhibited higher levels of PFC activation while dual-tasking. Similarly, 
while examining post-stroke individuals, Al-Yahya (2016) found a link between the increases in 
PFC activation from single to dual task and motor performance decrements. Together, these 
studies indicate that the increases in PFC may be compensatory for individuals with gait 
abnormalities or post-stroke individuals. Alternatively, Clark et al. (2014) found a connection 
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between older adults who exhibited larger increases in PFC activity and gait preservation. 
Gramigna et al. (2017) found that oxy-hemoglobin levels within the prefrontal and premotor 
cortices were more sensitive to compensation strategies reflecting postural control and 
restoration of gait disorders.  
In the studies mentioned above, aerobic fitness levels were not assessed. Because of the 
impact that aerobic fitness has on executive function and can have on dual-tasking, it is essential 
to examine such factors. Thus, research has started to examine the relationship between PFC 
activation and aerobic fitness levels.  
2.11. PFC AND AEROBIC FITNESS  
Because executive function is increased with aerobic exercise, controlled by the PFC, and 
can be associated with falls risk, research has started to examine the PFC activation patterns 
related to fitness levels. Using fNIRS and functional Magnetic Resonance Imaging (fMRI), 
research has established a positive relationship between activation patterns, exercise, and 
cognitive performance in older adults; higher fit individuals exhibit greater activation levels and 
better cognitive performance (Albinet et al., 2014; Colcombe et al., 2004; Dupuy et al., 2015; 
Dustman et al., 1984; Prakash et al., 2011). Interestingly, Makizako et al. (2013) found that older 
adults who spent more time outdoors (i.e., perhaps participating in more physical activity) 
exhibited higher PFC activation. More specifically, research has discovered that exercise can 
reverse hemispheric asymmetry reduction in older adults. With exercise, older individuals can 
cope with the cognitive task better and exhibit activation increases in a region of the PFC called 
the right frontopolar area instead of the bilateral PFC (Hyodo et al., 2012). To date only Wong 
(2015) has examined PFC activation while dual-tasking in aerobically fit older adults (as 
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measured with fMRI) and found greater activation in several brain areas of the higher aerobically 
fit older adults. 
2.12. ADVANTAGES AND DISADVANTAGES OF FMRI 
While the use of fMRI has been considered the gold standard for assessing metabolic 
activity of the brain, research has outlined various limitations associated with it. fMRI is 
expensive, requires participants to be fully immobilized (Lloyd-Fox et al., 2010), and only 
measures HbO2 (Perrey, 2008). fNIRS has also been used and overcomes some of the limitations 
associated with fMRI. It is a non-invasive and portable device (Ekkekakis, 2009) with good 
temporal sampling resolution (e.g., 0.01 seconds) and better signal-to-noise ratio when compared 
to fMRI (Gratton & Fabiani, 2001; Lloyd-Fox, 2010). In addition, it is the only device that can 
accurately measure the levels and changes of both HbO2 and deoxyHb (Leff, 2011). It is 
important to be able to get both values while assessing hemodynamic behavior because they can 
be used to separate the two signals that are due to the increases in flow or oxygen consumption. 
Lastly, fNIRS has been found to produce similar results as fMRI (Kleinschmidt et al., 1996; 
Strangman et al., 2002). It is important to note that fNIRS has its own limitations, namely that it 
can only be used for more superficial tissue recording. Even with these outlined benefits 
associated with fNIRS, there is no current research that has examined the effects of aerobic 
fitness on the PFC activation patterns (as measured with fNIRS) while dual-tasking in older 
adults. 
2.13. BIOLOGICAL MECHANISMS OF AEROBIC EXERCISE 
Exercise causes changes in vascular mechanisms, such as angiogenesis and increases in 
endothelial function, which contribute to the vascular health and cerebral blood flow that are 
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essential for cognitive function (Ainslie et al., 2008; Bolduc et al., 2013; DeVan & Seals, 2012). 
Lieberman et al. (1994) found a positive relationship between oxygen supply to the brain and 
cognitive performance (i.e., hypoxia leads to decrements in cognitive performance). When being 
physically active, the levels of brain-derived neurotropic factor (BDNF) increase (Winter et al., 
2007), which can support the improvements seen in cognition (Cotman et al., 2007; Davenport et 
al., 2012). Furthermore, increases in PFC activation lead to a series of events such as increases in 
cerebral blood flow and insulin-like growth factor-1 which controls cognitive function and brain 
growth (Nishijima et al., 2010). Studies have demonstrated that higher fitness levels can lead to 
higher levels of cerebral oxygen supply and cerebral perfusion while lower fitness levels lead to 
decreased oxygenation levels and inefficient blood flow (Dupuy et al., 2015; Fabiani, 2014; Fu et 
al., 2013). With this preceding evidence, it can be suggested that increases in PFC activation can 
help maintain cognitive function in older adults. 
2.14. CONCLUSION 
Being aware of the symptoms, impairments in gait and cognition, and falls risks during 
dual-tasking, highlights the importance of this proposal for examining how aerobic fitness 
impacts executive function while dual-tasking in older adults. Though research has thoroughly 
established the effects and benefits of aerobic fitness on executive function and PFC activation 
patterns, there lies a gap in the research. To date, there are no studies that have examined how 
aerobic fitness levels influences the neural performance as measured through fNIRS or the 
behavioral performance as measured through the dual-task cost or SI in older adults. This study 
will be the first. It is important to note that because the studies that are introduced in the next 3 
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Through our day-to-day lives, walking is often performed concurrently with additional motor 
or cognitive tasks. While dual-task walking (e.g., walking and talking), older adults demonstrate 
slower gait speeds and stride and step times, wider step widths, shorter stride lengths and single 
support time, longer double support time, decreases in stride velocity, and greater stride time 
variability when compared to only walking (Al-Yahya et al., 2011; Smith et al., 2017). These 
walking deficiencies have been referred to as dual-task costs, which have been linked with an 
increased risk of falls in older adults (Al-Yahya, 2011; Muir-Hunter et al., 2016). With falls and 
fall-related injuries causing a decrease in quality of life and increasing morbidity in older adults 
(Scheffer et al., 2008), it is essential to examine how to decrease dual-task costs in older adults.  
A dual-task cost of walking results when there is competition between the attention required 
for gait and the attention allocated towards the second task. This is also known as cognitive 
motor interference (CMI) (Woollacott et al., 2002). There are two primary explanations for CMI. 
The capacity sharing theory posits that when two tasks sharing the same central resources or 
neural circuitry are performed simultaneously, the processing of the tasks are delayed (Navon & 
Miller, 2002). On the other hand, the bottleneck theory suggests that when processing 
information for one task, any other task that requires the same processor simultaneously must be 
put on hold until the processor is freed up (Pashler, 1994). Both theories have been used to 
                                                          




hypothesize that CMI is caused when two tasks compete for attention from the same system and 
cause the attentional demands to increase and the performance on one or both tasks to deteriorate 
(Al-Yahya, 2011; Tombu et al., 2003). Furthermore, the cognitive function impairments present 
in older adults may contribute to the increased difficulty with dividing attention while dual-task 
walking (Woollacott, 2002). Thus, it can be postulated that the impairments in cognitive function 
present in older adults can lead for the attentional capacity to be exceeded easier or the 
processing of task information to be put on hold longer. 
Research has established that individuals with higher levels of aerobic fitness have greater 
executive function such as less cognitive decline (Barnes et al., 2001), improvements in 
executive control (Berryman et al., 2014), and greater brain efficiency (Prakash et al., 2011). 
With these cognitive benefits being associated with higher aerobic fitness levels, individuals with 
higher fitness levels may free up attentional resources for dual-task walking and thus minimize 
the effects of CMI on gait. Unfortunately, while there is an extensive amount of research that has 
examined the effects of aerobic fitness on cognition in older adults, it is unknown how aerobic 
fitness influences CMI while dual-task walking in this population. By examining these effects, 
this study will highlight the importance of aerobic fitness levels for reducing CMI in older adults, 
which may further imply decreases in fall risk. 
3.1.1 Purpose 
To examine how aerobic fitness levels influences CMI, we investigated whether gait 
performance differed between aerobic fitness groups while dual-task walking as cognitive task 
difficulty increased. Due to the positive effects of aerobic fitness on cognition in older adults, we 
hypothesized that individuals with lower fitness levels would demonstrate greater dual-task costs 
of gait speed (DTC-GS) than the individuals with higher fitness levels, particularly during the 
40 
 
most difficult cognitive condition (i.e., switching). In addition, we hypothesized that individuals 
with lower fitness levels would demonstrate higher stride time variability, as measured by the 
stride time coefficient of variance (COV-ST), than those individuals with higher fitness levels 
while dual-task walking when compared to walking only, particularly during the most difficult 
dual-task condition (i.e., dual-task walking, switching). Findings from this study may highlight 
the importance for aerobic fitness on dual-task walking performance and guide the path for 
future research to examine the causal relationship between an aerobic exercise intervention and 
CMI in older adults. 
3.2. METHODS 
3.2.1 Participants                      
Thirty-four healthy older adults (68.59 ± 10.13 years, 24 females) were included in this 
study. The sample size was established a priori based on results from a similar study (Yamada et 
al., 2011). Participants were included if they did not report any neurological, orthopedic, or 
cardiovascular condition, had no physical disabilities, and had the ability to walk independently 
without an assistive device. Participants were excluded if they had dementia based on the 
Telephone Interview for Cognitive Status score of <19 (Welsh et al., 1993), depression based on 
a short Geriatric Depression Scale score of >10/30 (Yesavage et al., 1982), or color blindness 
based off the Ishihara 38 Plates CVD test on Colblindor (Colblindor, 2006). All participants read 
and signed a written statement of informed consent. The study was reviewed and approved by 
the local Institutional Review Board.  
3.2.2 Protocol           
Participants visited the lab two times. During the first visit, demographic and anthropometric 
data were collected. Participants also performed a series of physical and cognitive assessments, 
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received treadmill training, and performed the Rockport 1-mile walk test (Rockport, 1986). The 
Community Mobility and Balance Scale (CMBS) was used to assess balance and mobility 
(Zbarsky et al., 2010). The National Adult Reading Test (NART) was used to assess premorbid 
intellectual functioning (Nelson & Willison, 1991). The Activities of Balance Confidence (ABC) 
scale was used to assess the confidence levels in performing activities of daily living without 
losing balance and falling (Myers et al., 1998). During the second visit, participants received 
training on the Modified Stroop Color and Word Test (MSCWT) (Laguë-Beauvais et al., 2013) 
and performed the dual-task paradigm. The MSCWT consisted of four conditions: Neutral, 
Congruent, Incongruent, and Switching.  
3.2.3 Rockport 1-mile walk test 
The Rockport 1-mile walk test was used as a measure of aerobic fitness levels. It is a valid 
assessment for VO2 max estimation and has a strong correlation (r= 0.88) with a direct measure of 
VO2 max (Kline et al., 1997). At an indoor track, participants wore a heart rate monitor (Polar HR 
monitor) and walked 1 mile as briskly as possible. Heart rate and time to complete the 1-mile walk 
were recorded and entered into the following formula to calculate estimated VO2 max: 132.853 - 
(0.0769 × Weight-lbs) - (0.3877 × Age-years) + (6.315 × Gender-0 female, 1 male) - (3.2649 × 
Time-seconds) - (0.1565 × Post Heart rate-beats per minute). Based off their performance, a 
median split was used to divide the participants into two equal cohorts of individuals with higher 
fitness levels and individuals with lower fitness levels.  
3.2.4 Dual-task paradigm 
The paradigm consisted of two randomized tasks: 1) Single task walking and 2) dual-task 
walking with the MSCWT. For dual-task walking, each MSCWT condition was completed in the 
following order from easiest to most difficult (Neutral, Congruent, Incongruent, and Switching). 
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Participants performed these two tasks on the Forcelink C-Mill 3Q instrumented treadmill (C-Mill, 
Motekforce Link, Culemborg, The Netherlands). This device provides for real-time, automatic, 
speed adjustments, allowing participants to walk comfortably in an adaptable and safe 
environment. For all walking conditions, participants wore a safety-harness, were asked to walk at 
their comfortable speed, and were reminded about the self-paced functionality of the treadmill. 
Each walking condition started with the necessary amount of time for the participant to reach their 
comfortable walking speed. The MSCWT conditions began once the participant verbally 
announced that they had reached their comfortable walking speed.  
3.2.5 Gait assessment 
Spatiotemporal gait characteristics, including step length, stride length-meters (SL), stride 
time-seconds (ST), and stride frequency-stride/time (SF), were recorded by the CueFors 2 
software. Additional spatiotemporal data that were assessed included stride-time variability (COV-
ST). To calculate the DTC-GS (%) for each Stroop condition separately, the following equation 
was used: ([single task walking - dual task walking]/single task walking)* 100 (Baddeley et al., 
1997). This parameter has been used to assess dual-task performance in previous studies 
examining older adults (Cadore et al., 2015). A higher/positive dual-task cost indicates that 
increasing the cognitive demands negatively influences walking performance (Hamilton et al., 
2009).  
3.2.6 Statistical analysis 
Spatiotemporal data from the CueFors 2 software was exported to MATLAB. Custom 
MATLAB scripts were used for processing data and calculating average gait speed and exporting 
to R Studio software. Statistical analyses were run with the significance level set at .05. Linear 
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mixed model analysis controlled for age and was incorporated to examine differences in DTC-GS 
and COV-ST between groups and Stroop condition (Neutral, Congruent, Incongruent, Switching). 
Linear mixed models were used to examine gait parameter (i.e., GS, SL, and SF) differences 
between task (single task walking and dual task walking) while controlling for age and gender. 
Secondary exploratory analysis was carried out to examine potential confounding factors related 
to increases in dual-task performance, such as age, physical function (i.e., CMBS), and cognitive 
reserve (i.e., NART). Data was visually inspected and the assumptions for the linear mixed model 
test were met.   
3.3. RESULTS 
3.3.1 Participant Characteristics 
Each group was composed of 17 participants. As expected, the median split resulted in 
significant differences in estimated VO2 max the groups (p = .005) (see Table 3.1.). Compared to 
normative values, the mean estimated VO2max of the individuals with higher fitness in the 
present study falls between a fitness rating of excellent and superior for males and females, 
respectively. The mean estimated VO2max of the individuals with lower fitness in the present 
study falls between a fitness rating of poor and fair for males and females, respectively (The 
Physical Fitness Specialist Certification Manual, 1998). The number of females, age, and 
physical function score were significantly different between the groups (p < .01). Individuals 
with lower fitness levels had more females, were older, and had lower physical function scores 





Table 3.1. Demographic characteristics and physical and cognitive performance measures of 










 (estimated ml*𝑘𝑔−1* 𝑚𝑖𝑛−1) 
37.68 (4.55) 22.22 (5.83)  0.001* 
Gender (number of females) 8 16 0.002* 
Age (years)  63.35 (7.36) 73.82 (9.96) 0.001* 
Body Mass Index - kg/𝑚2 23.98 (4.33) 25.91 (4.63) 0.22  
CMBS - composite score 86.71 (8.55) 64.53 (12.93) 0.0001#  
NART - IQ 111.06 (8.02) 113.47 (7.91) 0.39 
ABC - balance confidence % 94.74 (9.81) 93.34 (5.38) 0.61 
*Cohorts significantly different (p < .01). #Cohorts significantly different (p < .001) 
Data are reported as mean (SD) or number of participants Abbreviations: CMBS= Community 
Mobility & Balance Scale; NART= National Adult Reading Test; ABC= Activities of Balance 
Confidence Scale 
 
3.3.2 DTC-GS Results 
For DTC-GS, the linear mixed model showed a significant cohort effect (p< .01, f-value= 
.10) where those individuals with lower fitness levels exhibited higher DTC-GS than those 
individuals with higher fitness levels. Additionally, linear mixed model results presented a 
condition effect (p< .001, f-value= 6.80). When compared to Neutral condition, participants 
exhibited 88.5%, 185.1%, and 242.5% lower DTC-GS during Congruent, Incongruent, and 
Switching, respectively (See Figure. 3.1.). For supplementary analysis, to determine if potential 
differences in CMBS between the groups may have been driving the cohort effects observed in 
the original linear mixed model, CMBS was then included as a covariate in a linear mixed 
model. Results then indicated no cohort effect (p= .73, f-value= .12), a still present significant 
condition effect (p< .0001, f-value= 7.84), and a significant CMBS effect (p< .05, f-value=6.42).  
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Figure. 3.1. Mean ± SE of DTC-GS during each Stroop Condition for each cohort.     
Abbreviations: DTC-GS= Dual-task cost of gait speed; HF= Higher fit individuals; LF= Lower 
fit individuals  
 
Pearson correlations for DTC-GS and estimated VO2max values indicated a significant 
negative correlation between the two (r= -.38, p < .001). To further examine this relationship, 
correlations between DTC-GS and estimated VO2max for each cohort were examined. Results 
indicated a significant negative correlation for those individuals with lower fitness levels only 
(r= -.27, p= .04). Lastly, to examine at the Stroop condition level, correlations between DTC-GS 
and estimated VO2max for each Stroop condition were performed. Results indicated significant 
negative relationships only for Neutral and Congruent conditions (r= -.38, p= .03 and r= -.56, p= 
.001, respectively). Results for COV-ST only exhibited a trend for task-related changes (p= .09) 




Figure. 3.2. Mean ± SE of COV-ST during each task for each cohort. 
Abbreviations: COV-ST= Stride time variability; HF= Higher fit individuals; LF= Lower fit 
individuals; W= Walking; WW-NE= Walking with neutral condition; WW-CO= Walking with 
congruent condition; WW-IN= Walking with incongruent condition; WW-SW= Walking with 
switching condition  
 
3.3.3 Secondary Analysis 
To help explain the results found for DTC-GS, gait parameters such as GS, SL, and SF were 
examined. For GS and SL, linear mixed model results indicated a significant task effect (p < 
.001, f-value= 4.23 and 7.85, respectively) and a two-way interaction between cohort and task (p 
< .001). Those individuals with lower fitness levels had 8.4% slower GS under each Stroop 
condition (Neutral and Switching: p < .05, Congruent and Incongruent: p < .001) when compared 
to single task walking and those individuals with higher fitness levels. Additionally, those 
individuals with lower fitness levels had 8.2% shorter SL under each Stroop condition (Neutral, 
Incongruent, and Switching: p < .01, Congruent: p < .001) when compared to single task walking 
and those individuals with higher fitness levels. SF showed a significant task effect (p < .0001), 
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where participants exhibited a lower SF during the first two dual-task walking condition (i.e., 
Neutral: p < .01 and Congruent: p <. 05) (see Figure. 3.3.).  
Correlational analysis exhibited a significant positive relationship between GS and CMBS (r 
= .26, p < .001); slower GS was associated with lower physical function score on the CMBS. 
Additionally, SF had a negative relationship with CMBS (r = -.15, p = .04) and NART (r = -.19, 
p = .03); where greater SF was associated with lower physical function scores and cognitive 
reserve. Supplementary analysis examining differences at the cohort level revealed that SF was 
significantly related to CMBS (r = -.53, p < .001) and NART (r = -.24, p = .03) for those 














Figure. 3.3. Mean ± SE of Gait Speed, Stride Length, and Stride Frequency during each task for 
each cohort. 
Abbreviations: HF= Higher fit individuals; LF= Lower fit individuals; W= Single task walking; 
WW-NE= Dual task walking with neutral condition; WW-CO= Dual task walking with 
congruent condition; WW-IN= Dual task walking with incongruent condition; WW-SW= Dual 
task walking with switching condition 
 
3.3.4 Smaller Age and Gender-Matched Dataset Analysis 
 To examine the effects of DTC-GS on the sample size that was age and gender matched, 
analysis was performed on a smaller subset (n=22). The linear mixed model used to examine the 
effect of DTC-GS on cohort and condition only exhibited a significant main effect of Stroop 









Table 3.2. Results from linear mixed model.  
Effect SS df F p-value 
DTC (%) 
    
    Cohort 75.74 1 0.76 0.39 
    Condition 1480.34 3 4.96 .004** 
  Cohort*condition 204.31 3 0.68 0.56 
**p < .01     
NOTE: SE= sum of squares, df= degrees of freedom, F= f-value  
Abbreviations: DTC= Dual-task cost 
 
3.4. DISCUSSION 
In this study, we examined how aerobic fitness levels affected the cognitive motor 
interference as measured by dual-task cost of gait speed and other gait parameters in older adults. 
Our results revealed four findings: (1) Individuals with lower fitness levels had greater dual-task 
cost of gait speed when compared to those individuals with higher fitness levels; (2) dual-task 
cost of gait speed lowered as Stroop conditions increased in difficulty; (3) Individuals with lower 
fitness levels walked slower and had shorter stride lengths while walking under each Stroop 
condition, when compared to walking and individuals with higher fitness levels; (4) All 
participants had lower stride frequency during Neutral and Congruent when compared to single 
task walking.  
Confirming our first hypothesis, results showed that when compared to those individuals 
with higher fitness levels, individuals with lower fitness levels displayed a greater dual-task cost 
of gait speed across all Stroop conditions. This is consistent with the literature where increased 
dual-task cost in older adults has been seen when compared to younger adults (Al-Yahya, 2011). 
Impairments in both physical and cognitive function have been used to explain the increased 
dual-task cost in older adults (Hall et al., 2011; Woollacott, 2002). In the present study, those 
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individuals with lower fitness levels had significantly lower physical function scores as assessed 
with the CMBS, which therefore could explain the increased dual-task cost of gait speed when 
compared to those individuals with higher fitness levels. However, the groups did not differ in 
cognitive reserve (as measured by the NART) and there were no significant correlations between 
the NART and the dual-task cost of gait speed. Thus, in comparison to cognitive reserve, 
decreases in physical function might better explain the increased dual-task cost of gait speed 
exhibited in individuals with lower fitness levels.  
Results from our correlational analyses aid in explaining these findings further. Only 
individuals in the low fitness group exhibited a negative relationship between estimated VO2max 
and dual-task cost of gait speed; as estimated VO2max levels decreased in those individuals with 
lower fitness levels, the higher the dual-task cost of gait speed. Such findings may indicate that 
dual-task cost of gait speed is directly affected by levels of aerobic fitness levels, specifically in 
those who are lower fit. Furthermore, the negative relationship between estimated VO2max and 
dual-task cost of gait speed was present only for the first two Stroop conditions (i.e., Neutral and 
Congruent). These findings indicate that as levels of aerobic fitness increase in low fit 
individuals, the dual-task cost of gait speed decreases only during the easier cognitive tasks 
performed while walking. At a greater level of cognitive processing required for Incongruent and 
Switching conditions of the Stroop, there is no statistically significant relationship between 
estimated VO2max and dual-task cost of gait speed.  
As discussed, gait performance decrements observed while dual-task walking are indicative 
of cognitive motor interference. This is commonly evaluated using dual-task costs and is a result 
of a competition between the attentional demands required for gait and the cognitive task at hand 
(Woollacott, 2002). When there is an addition of a cognitive task while walking, there is a need 
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for increased attention which leads to a dual-task cost of gait speed. This has been explained by 
theories such as the capacity sharing theory (Tombu, 2003) and bottleneck theory (Ruthruff et 
al., 2001). In the present study, the lower fit individuals exhibited a greater dual-task cost of gait 
speed when compared to higher fit individuals. Considering the capacity sharing theory, this 
behavior indicates that the neural circuitry shared during dual-task walking in lower fit 
individuals may have caused their attentional capacity to be exceeded, which would have led to 
the observed decline in dual-task performance. Alternatively, the bottleneck theory can help 
explain the behavior exhibited by the lower fit individuals as well. When compared to the higher 
fit individuals, the lower fit individuals may have faced more limited processing resources, 
which may have led to the performance of only one task (e.g., cognitive task) at a time, thus 
causing a decline in dual-task performance.   
Essentially, both theories assume that cognitive motor interference occurs when two tasks 
(e.g., walking and talking) compete for attention from the same system which leads to 
deterioration in performance of one or both tasks. This suggests a limitation of attentional 
resources (Abernethy et al., 1988).  Due to the greater adaptability and efficiency of the brain 
(Prakash, 2011) in individuals with higher fitness levels, it is reasonable to speculate that the 
higher fit individuals in the present study could allocate greater attentional resources to attend to 
the dual-task walking and exhibit lower dual-task cost of gait speed when compared to less fit 
individuals. Attributable to the present study design and variables examined, the present study 
findings cannot provide evidence for or against the theories introduced. An alternative and 
prospective explanation for such findings can be that of postural reserve and hazard estimation 
introduced by Yogev-Seligmann et al. (2012). Individuals with increased postural reserve, such 
as those with increased muscle strength and functional sensory motor integration, as well as a 
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greater awareness of self and their surrounding environment may be better able to respond to 
dual-tasking demands by decreasing their gait speed dual-task cost. Given the higher physical 
capacity present in higher fit individuals, as demonstrated by their higher CMBS composite 
scores, they may possess increased postural reserve and hazard estimation which may lead to the 
lower dual-task cost of gait speed observed in the present study. While postural reserve or hazard 
estimation were not assessed in this study, CMBS serves as a proxy for postural reserve. Thus, 
future work should examine the effects of aerobic fitness on postural reserve and hazard 
estimation in dual-task walking studies. 
Our hypothesis that the greatest dual-task cost of gait speed would be the greatest during the 
most difficult Stroop condition was refuted. In fact, results demonstrated the opposite; dual-task 
cost of gait speed decreased with increasing Stroop difficulty (from Congruent to Switching), 
with the lowest dual-task cost of gait speed during the most difficult condition of Switching. 
These findings are inconsistent with those of Verghese et al. (2002), where older adults had 
slower gait velocity while dual-task walking specifically when increasing the difficulty of the 
task (e.g., reciting letters of the alphabet versus reciting alternate letters of the alphabet). In 
another study by Hall (2011), older adults had the lowest dual-task cost of gait speed during the 
easiest cognitive condition and the greatest dual-task cost of gait speed during the most difficult 
condition. The behavior exhibited by participants in the present study can be partly explained by 
the use of the self-paced treadmill that allowed for participants to adjust their walking speed 
throughout the experiment. Though training on the control of their gait speed on the self-paced 
instrumented treadmill was provided across two separate test sessions and participants were 
reminded to give equal attention to both the walking and the cognitive task, lower fit and higher 
fit individuals may have prioritized the tasks differently. It is possible that as Stroop conditions 
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increased in difficulty, participants paid less attention to the control of speed on the self-paced 
treadmill which would have led to increases in gait speed. Notably, the behavior exhibited in the 
present study by the groups during the Neutral condition was expected; while lower fit 
individuals demonstrated an increase in dual-task cost of gait speed, higher fit individuals 
maintained dual-task cost of gait speed. Thus, caution must be exercised to appropriately 
optimize the difficulty of the motor and cognitive tasks in the target population on a self-paced 
treadmill. 
Providing support for the above findings, this study also found that lower fit individuals 
walked slower particularly while dual task walking, when compared to higher fit individuals. 
Low fit individuals exhibited similar behavior as previous studies reporting decreases in gait 
speed while dual-task walking in older adults (Hollman et al., 2007; Priest et al., 2008). As 
concluded in Patel et al. (2014), a decrease in gait speed can assist in diverting attention towards 
complex cognitive tasks. Therefore, the slower gait speed present in low fit individuals may 
indicate an adaptive behavior to allocate more attention to the cognitive task at hand. Older 
adults who participate in physical exercise interventions experience significant improvements in 
gait speed while dual-task walking (Plummer et al., 2016). Consequently, those why may be 
more fit after participating in a physical exercise intervention have faster walking speeds while 
dual-task walking when compared to those who do not participate. 
In addition, lower fit individuals had shorter stride length while dual-task walking under each 
Stroop condition when compared to single task walking and those individuals with higher fitness 
levels. This is consistent with Doi et al. (2012), where shorter stride length was observed while 
dual-task walking when compared to single task walking. Walking behavior (i.e., slower walking 
speeds, shorter stride length) are indicative of a need for increased balance (van Iersel et al., 
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2007) and are characteristic of gait instability (Hollman, 2007). Thus, the behavior exhibited by 
low fit individuals can be indicative of being at a greater risk of falls. Because the present study 
did not find significant differences between groups in balance confidence or adequately assess 
falls, assumptions can only be made. Because low fit individuals had significantly more females, 
gender differences in stride length (e.g., females have shorter stride length when compared to 
men (Ko et al., 2011)), might be expected to explain the shorter stride length in lower fit 
individuals when compared to those individuals with higher fitness levels. However, significant 
differences between the cohorts continued to exist even after controlling for gender. 
At first glance, all participants had lower stride frequency during the first two dual task 
walking conditions when compared to single task walking. Grieve et al. (1966) established that 
gait speed is dependent on stride length and stride frequency; walking speed changes when stride 
length and stride frequency change. Thus, the lower stride frequency exhibited in the present 
study is consistent with the slower gait speeds as discussed above. With additional analysis, 
results indicated that the lower stride frequency in Neutral and Congruent when compared to 
single task walking was driven by those individuals with higher fitness levels. Specifically, the 
lower stride frequency was related to the greater physical function and cognitive reserve present 
in those individuals with higher fitness levels. Though unexpected, such relations indicate that 
while individuals with higher aerobic fitness levels (with greater physical function and cognitive 
reserve) respond to dual-task walking in a more traditional manner to increasing task demands 
Those with lower fitness levels may be diverting their attention and disregarding the initial self-
paced treadmill instructrions which could lead to increases in stride frequecy. In contrast to other 
studies examining older adults (Dubost et al., 2006), this study did not find any significant 
differences in stride time variability between groups. However, this is similar to findings from 
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Hausdorff et al. (1997) who found older adults exhibited decreases in gait speed but no 
differences in stride time variability between young and older adults. 
The present study has several limitations. The groups were significantly different in gender, 
age, and physical function. It is important to note that after supplementary analysis (i.e., 
including CMBS as a covariate in the linear mixed model), the original significant cohort effect 
was inexistent. Such findings indicated that the original significant effect of cohort may have 
been driven by CMBS differences between the groups. Additionally, perhaps there was a loss of 
power when examining the effects of dual-task cost of gait speed on a smaller subset that was 
age and gender-matched, which led to the non-significant cohort effect. Thus, to make sounder 
conclusions regarding the effects of aerobic fitness on the cognitive motor interference of older 
adults, future work should examine a larger sample size that has cohorts that are matched in age, 
gender, and physical function performance measures. 
The current study excluded older adults with neurological conditions or cognitive 
impairment, thus future work should examine the effects of aerobic fitness on cognitive motor 
interference in clinical populations such as individuals with cognitive impairments who are at a 
greater risk of falls than older adults (Muir et al., 2012). Theories explaining cognitive motor 
interference and its effects on gait due to fitness need to be further vetted in future work. Future 
work should collect information on falls and fall risk to make direct relationships with cognitive 
motor interference effects on gait speed and its relationship to fitness level. Though all 
participants were given training on the self-paced functionality of the treadmill, perhaps such a 
novel environment led to inconsistent gait patterns across the tasks, Stroop conditions, and 
groups. Thus, future work should examine these effects of cognitive motor interference in a more 
comfortable environment such as over-ground walking. Finally, while this study did exhibit that 
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low fit individuals had greater cognitive motor interference than higher fit individuals, we cannot 
make causal relationships between aerobic fitness levels and cognitive motor interference in 
older adults. Thus, future work is needed to examine the effects of an aerobic exercise 
intervention program on the cognitive motor interference of older adults.  
3.5. CONCLUSION 
This was the first study to date that has examined and established that lower fit older adults 
experience greater cognitive motor interference when compared to higher fit older adults. These 
findings provide researchers and clinicians with a foundation of knowledge on how aerobic 
fitness levels in older adults may affect cognitive motor interference. We advise future research 
to more closely examine these effects in cohorts that are age and gender-matched. This in turn 
may provide for a better understanding of the effects of aerobic fitness levels and lead for 
researchers to examine the causal relationships between an aerobic exercise intervention program 
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AEROBIC FITNESS EFFECTS ON COGNITIVE PERFORMANCE WHILE DUAL-
TASKING2 
 
4.1.  INTRODUCTION 
Lundin-Olsson et al. (1997) observed a connection between falls risk, walking 
performance, and cognition in older adults; those who reported more falls would stop walking 
when answering a question. More recently, Makizako et al. (2010) found a correlation between 
the history of falls and dual-task performance in older adults. Specifically, while dual tasking 
(e.g., walking and talking), cognitive performance has been found to decrease in older adults 
when compared to a single task (Schaefer et al., 2015; Wollesen et al., 2016). These decreases in 
cognitive performance are associated with an increased risk of falls (Watson et al., 2010). Within 
older adults, the most frequent cause of injury is falls (Labib et al., 2011), which decreases the 
quality of life and has high medical costs associated with it (Holtzer et al., 2007; Rubenstein et 
al., 2006). In 2010, the cost of unintentional fall-related injuries (e.g., fatality, hospitalization, or 
treatment) in older adults was approximately $78 billion (Verma et al., 2016). Because of such 
consequences related to falls, it is essential to examine how to improve cognitive performance in 
older adults.  
Increasing aerobic fitness leads to greater cognitive performance in older adults. Findings 
have concluded that higher levels of aerobic fitness protect against cognitive decline (Barnes et 
al., 2003), improves executive control (Predovan et al., 2012), protects from further neural 
degeneration (Colcombe et al., 2006), increases the adaptability and efficiency of the brain 
                                                          
2 Co-authored by Elizabeth Stine-Morrow and Manuel Hernandez and published in this 
dissertation with their permission. 
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(Prakash et al., 2011; Voss, 2011), and increases memory capabilities (Erickson et al., 2011). 
Predovan (2012) examined how the effects of aerobic fitness in sedentary older adults impacted 
cognitive performance and found that those participating in an aerobic training program 
significantly improved cognitive performance. Wong et al. (2015) discovered that higher fit older 
adults exhibited better dual-task performance during a letter and number discrimination task 
when compared to lower aerobically fit individuals. While there is an extensive amount of 
research that has examined the beneficial effects of aerobic fitness on cognitive performance 
measures in older adults, it is unknown whether aerobic fitness can affect cognitive performance 
while dual task walking in older adults. Examination of these effects could highlight the 
importance of aerobic fitness levels for improving cognitive performance while dual task 
walking, which could further imply improvements in falls risk for older adults.  
Executive function is an umbrella term that includes a variety of cognitive and behavioral 
processes (e.g., maintaining attention, resisting interference, dual-tasking, and cognitive 
flexibility) (Chan et al., 2008). Processes such as attentional control and having the ability to 
suppress irrelevant information have been assessed through the Stroop color word test. The 
Stroop measures selective attention, inhibition, and interference control (Leon-Carrion et al., 
2008; Schroeter et al., 2004). Participants are asked to make responses during trials with 
matching colors (i.e. Congruent) vs inhibit response with mismatching colors (i.e., Incongruent) 
(Stroop, 1992). Thus, for this study the Modified Stroop Color and Word Test (MSCWT) (which 
adds the addition of a condition that requires switching task focus) (Laguë-Beauvais et al., 2013) 
was used as a test of executive function while dual tasking. Stroop interference (SI) is the 
dependent variable that reflects decreases in Stroop performance (e.g., accuracy) during 
incongruent when compared to congruent trials. With increasing age, SI increases incrementally 
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(Aschenbrenner and Balota, 2015; Bugg et al., 2007; Wolf et al., 2014). Specifically, lower 
levels of Stroop task performance were exhibited in low aerobically fit individuals when 
compared to higher fit individuals (Predovan, 2012). Lastly, older adults show decreases in 
Stroop performance while dual-task walking vs standing (Wollesen, 2016).  
4.1.1 Purpose 
The objective of this study was to examine the relationship between aerobic fitness levels 
and SI under increasing dual-task physical demands (i.e., from standing to walking) in older 
adults. As discussed, research has thoroughly established the benefits of aerobic fitness on 
cognition. Consequently, our hypothesis was that individuals with higher aerobic fitness levels 
(as measured by estimated VO2 max) would demonstrate better cognitive performance as 
measured by SI while dual-task walking when compared to dual-task standing. Study findings 
will provide a better understanding of the benefits of aerobic fitness on cognitive dual-task 
performance and thus help impact future guidelines for reducing falls risk on older adults.  
4.2. METHODS 
4.2.1 Participants 
Thirty-four participants (aged 50-87, 24 females) were included in the study. Subjects 
were excluded if they had: 1) a self-reported neurological, orthopedic, or cardiovascular 
condition 2) a physical disability or were not able to walk independently (without an assistive 
device) 3) a score < 19 on the Telephone Interview for Cognitive Status (Welsh et al., 1993) 4) a 
score > 10/30 on the short Geriatric Depression Scale (Yesavage et al., 1982) and 5) red-green 
color blindness as measured with the Ishihara 38 Plates CVD test (Colblindor, 2006). Once 
included in the study, all participants read and signed a written informed consent form. The 
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protocol and procedures have been reviewed and approved by the Institutional Review Board of 
University of Illinois of Urbana Champaign.  
4.2.2 Procedures 
All participants made two separate visits to the Mobility and Fall Prevention Research 
Lab at the University of Illinois at Urbana Champaign. Day 1 was dedicated for obtaining 
informed consent, performing physical and cognitive assessments, receiving treadmill training, 
and performing the Rockport 1-mile walk test (1MWT) (Rockport Shoes Walking Institute, 
1986). On Day 2, before the start of the dual-task paradigm, participants received instruction and 
training on the MSCWT (with the same number of trials for each block as the testing conditions). 
Training was done seated in front of a computer monitor. Once training was complete, 
participants took part in the dual-task paradigm and completed questionnaires and surveys.  
4.2.3 Physical and Cognitive Assessments 
Participants were assessed on: 1) cognitive function using the Repeated Battery for the 
Assessment of Neuropsychological Status (RBANS) (Randolph et al., 1998). 2) premorbid 
intellectual functioning using the National Adult Reading Test (NART) (Bright et al., 2016); and 
3) cognitive processing speeds and flexibility using the Trails Making test (TMT) Part A and B 
(Corrigan & Hinkeldey, 1987). Education was assessed as the number of years of education post 








Demographic characteristics and physical and cognitive performance measures as a group 
(n=34). Data are reported as mean (SD) or number of participants. 
  Mean (SD) Range (min-max) 
VO2max (estimated ml*𝑘𝑔−1* 𝑚𝑖𝑛−1)  29.95 (9.38) 6.68-45.57 
Age (year)  68.59 (10.13) 50-87 
Education (years) 7.06 (5.04) 0-14 
RBANS (composite score) 99 (11.28) 71-117 
NART (IQ) 112.30 (7.94) 97-128 
TMT (seconds) 26.85 (15.20) 4.84-64.14 
Abbreviations: RBANS=Repeated Battery for Assessment of Neurological Status; NART= 
National Adult Reading Test; TMT= Trails Making Test 
 
4.2.4 Rockport 1-Mile Walk Test (1MWT) 
To assess aerobic fitness levels, the 1MWT was used to estimate maximal oxygen 
consumption. During this test, participants walked 1 mile (8 laps) on an indoor track as briskly as 
possible while wearing a heart rate monitor (Polar HR monitor). Estimated VO2 max was 
calculated with the formula: 132.853 - (0.0769 × Weight-lbs) - (0.3877 × Age) + (6.315 × 
Gender-0 female, 1 male) - (3.2649 × Time to completion) - (0.1565 × Post Heart rate). This test 
has been deemed as a valid assessment for VO2 max estimation and has a strong correlation (r= 
0.88) with a direct measure of VO2 max (Kline et al., 1987). According to normative data, the 
range of VO2 max within the participants falls between a fitness rating of very poor and superior 







The MSCWT consisted of four separate blocks: Neutral, Congruent, Incongruent, and 
Switching. Neutral trials consisted of X’s as the stimuli (e.g., “XXXX”) printed in different colors 
(e.g., red, blue, green, yellow). Congruent trials consisted of words as the stimuli (e.g., “RED,” 
“GREEN,” “BLUE,” and “YELLOW”) printed in the matching color. For these blocks, 
participants were asked to read aloud the color of the stimuli as fast as possible when the stimuli 
appeared. Incongruent trials consisted of the same words printed in unmatched colors as the stimuli 
(e.g., the word “RED” in blue). For this block, participants needed to inhibit the action of reading 
aloud the word and instead read aloud the color of the word (e.g., read aloud “blue” instead of 
saying “red”). In the Switching trials, participants had the same stimuli and instructions as the 
Incongruent block, but when the colored word appeared inside a white outlined box, they needed 
to switch between saying the color of the word and reading the word itself (e.g., if see “RED” in 
blue, the participant must switch between saying “blue” or reading “red”). At the beginning of 
each Switching trial block, participants were informed about which task to start with (e.g., either 
reading the word or saying the color).  
Each block in the MSCWT consisted of 40 trials (except Neutral for 20 trials). During the 
Switching block, the task switched every 3-5 trials and the colored stimuli was pseudorandomized 
so that each participant was exposed to a random word and color combination during. Each 
stimulus appeared on the screen in front of the treadmill for 2.5 seconds or until a response was 
made. If a response was not made within the stimulus time frame, that trial was eliminated from 
analysis. Before the start of each trial, a fixation cross appeared for 1.5 seconds to allow 
participants to prepare to make a response. The order of blocks was not randomized and appeared 
from easiest to most difficult task (e.g., from Neutral, Congruent, Incongruent, to Switching).  
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Similar to Ishihara et al. (2017), the main dependent variable from this test was the SI using 
the accuracy score for the inhibition and switching blocks. The accuracy was collected through the 
E-Prime software package (E-prime, Psychology Software Tools, Inc, U.S.A.) and used to 
calculate the SI for the Incongruent block (Accuracy for Congruent- Accuracy for Incongruent 
*100) and for the Switching block (e.g., Accuracy for Congruent - Accuracy for Switching*100). 
The SI effect is observed when compared to Neutral and Congruent, the Incongruent causes a 
competing effect as demonstrated by more errors (Bugg, 2007). In the MSCWT, it was expected 
that the most difficult block (i.e., Switching) would cause the greatest amount of interference 
(Rogers & Monsell, 1995). Thus, a greater SI score would indicate a decrement in the ability to 
perform the dual-task or an increase SI effect as the task becomes more difficult.  
4.2.6 Dual-task paradigm 
Participants completed the dual-task paradigm on a self-paced treadmill (C-Mill, 
Motekforce Link, Culemborg, The Netherlands). The Forcelink C-Mill 3Q treadmill provides for 
real-time, automatic, speed adjustments, which traditional treadmills do not allow for in a training 
environment. This allowed participants to behave comfortably in an adaptable setting and in a safe 
testing environment with the use of a harness system (see Figure 4.1.). For safety purposes, all 
participants wore a harness. 
Participants performed two tasks: 1) Standing still while performing the MSCWT and 2) 
Walking while performing the MSCWT. During the walking task, participants were asked to walk 
at a comfortable speed (self-selected) and were reminded about the self-paced functionality of the 
treadmill. The walking task started with a period that allowed the participant to reach a comfortable 
walking speed. Once they made the research assistant aware that they had reached their 
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comfortable walking speed, the MSCWT block began. The order of standing and walking tasks 
was counterbalanced.  
                
Figure. 4.1. Experimental setup. 
 
4.2.7 Statistical analysis 
Data were analyzed for violations of normality and outliers. Histograms and boxplots were 
used to assess any outliers in the data. Data were visually inspected for normality and 
homogeneity of variance and the assumptions for the linear mixed model test were met. Linear 
mixed models were used to examine the effect of fitness levels (as measured by estimated VO2 
max) and task (Standing, Walking) on SI calculated separately for Incongruent and Switching 
blocks. Differences between the Incongruent and Switching SI’s were examined with t-tests. 
Pearson correlations were used to examine the relationship among age, SI, and estimated VO2 
max. Custom MATLAB scripts were used for processing the E-Prime data and exporting to R. 
The linear mixed models were fit using the lme4 package in R (Bates et al., 2014), version 3.1.1 




4.3.1 Stroop Interference (SI) 
A t-test run on the two SI’s (Incongruent and Switching) indicated that there was a 
significant difference: Switching SI was significantly higher (i.e., worse performance) when 
compared to the Incongruent SI (p < .001). As shown in the left panel of Figure 4.2., the linear 
mixed model results indicated a significant interaction between task and estimated VO2 max in 
Incongruent SI (β= .01, 95% CI= -.04 to .07, p = .04). To decompose this interaction, Pearson r 
correlations were run for Incongruent SI in each task. There was a significant negative 
correlation between SI and estimated VO2 max for Walking task (r = -.30, p = .04), but no 
significant relationship in Standing task (r = .04, p = .82), showing a differential effect of fitness 
on SI when physical demands were increased. As shown in the right panel of Figure 4.2., for 
Switching SI, estimated VO2 max appeared as a significant main effect (β= -1.16, 95% CI= -1.93 
to -.39, p < .01). Furthermore, there were significant negative correlations between Switching SI 






Figure. 4.2. Stroop Interference (SI) across estimatedVO2 max for the Incongruent and 
Switching blocks for each task. Note: For better visualization, the left panel was created with an 
expanded scale on the y-axis, relative to the right panel. 
 
4.3.2 Secondary Analysis 
Correlational analysis exhibited significant relationships between: 1) Age and the 
Switching SI (r = .6, p < .001) only. Figure 4.3. illustrates the nonsignificant correlations 
between Incongruent SI and age. As illustrated in the right panel of Figure 4.3., the correlations 
between Switching SI and age were strongly positive for Standing (r = .50, p < .001) and 
Walking (r = .70, p < .001) tasks and 2) Age and estimated VO2 max (r = -.61, p < .001).  
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Figure. 4.3. Stroop Interference (SI) across age for the Incongruent and Switching trials for each 
task. Note: For better visualization, the left panel was created with an expanded scale on the y-
axis, relative to the right panel. 
 
4.4. DISCUSSION 
The objective of this study was to examine the relationship between aerobic fitness levels 
and cognitive performance under varying dual-task demands in older adults. The hypothesis that 
individuals with higher aerobic fitness levels (as measured by estimated VO2 max) would 
demonstrate better cognitive performance (demonstrated by reduced SI) while dual-task walking 
when compared to dual-task standing was partially supported. Our results indicate a significant 
interaction between estimated VO2 max and task for the Incongruent SI only. Taking a closer 
look, the correlation between fitness and SI was significant for the walking task only. While 
walking, participants with higher estimated VO2 max had better cognitive performance, but only 
as the dual-task conditions became more difficult.  
71 
 
The current literature has clearly established the benefits on cognition from aerobic 
fitness. Our findings are consistent with this previous research. Higher levels of aerobic fitness 
have been found to lead to changes in gray and white matter volume, which are associated with 
higher processing speeds (Prakash et al., 2010). Using the Stroop as in the present study, 
Predovan et al. (2012) demonstrated that after participating in an aerobic training program, 
participants had significant improvements in Stroop performance. Furthermore, we found that 
older adults with higher levels of estimated VO2 max had better Stroop performance while 
walking. Collectively, this showed that for the more modest cognitive demands in the 
Incongruent block, poorer fitness was only related to greater interference when simultaneous 
physical demands were high. The present study also discovered an effect of estimated VO2 max 
during the most difficult Stroop block (i.e., Switching). Correlations indicated that greater 
estimated VO2 max levels and better cognitive performance during a difficult cognitive task were 
related while both Walking and Standing. These findings further highlight the benefits of aerobic 
fitness on cognitive performance as a function of increasing dual-task demands.  
Biological mechanisms such as angiogenesis and increases in endothelial function 
contribute to the vascular health and cerebral blood flow that are essential for cognitive function 
(Bolduc et al., 2013; DeVan & Seals, 2012). Lieberman et al. (1994) found a positive 
relationship between oxygen supply to the brain and cognitive performance (i.e., hypoxia leads 
to decrements in cognitive performance). When being physically active, the levels of brain-
derived neurotropic factor increase (Winter et al., 2007), which can support the improvements 
seen in cognition (Davenport et al., 2012). Though these mechanisms were not examined in this 
study, they can explain the increased cognitive performance in those that had higher estimated 
VO2 max levels.  
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Correlations indicated that as the age of participants increased, their cognitive 
performance decreased (SI increased) during the Switching block. This is consistent with the 
aging literature where decreases in cognitive performance (Kreig et al., 2001), cognitive function 
(Park & Reuter-Lorenz, 2009), and specifically related to this study, increases in SI 
(Aschenbrenner & Balota, 2015; Wolf, 2014) are observed with increasing age (i.e., 20-89 years 
old) (Geyer et al., 2015). Further analysis revealed a positive correlation between Stroop 
performance and age with the task at hand; there were moderate and strong correlations between 
SI for standing and walking tasks, respectively. Higher SI during the Switching block (i.e., lower 
Stroop performance) was strongly associated with older participants while walking. This is 
consistent with Wollesen (2016) who found decreases in cognitive performance (e.g., fewer 
correct responses during the Stroop) while walking when compared to standing. Furthermore, it 
has been established that walking requires more cognitive resources (Solopova et al., 2003) and 
more center of pressure displacement (Woollacott & Tang, 1997) when compared to standing. 
Because of this, the older participants exhibited lower cognitive performance while dual-task 
walking when compared to dual-task standing. 
The MSCWT has been widely used to identify shortfalls in attention, specifically in 
inhibition and switching (Bohnen et al., 1992). While inhibition is the ability to block an 
automatic response, switching is the ability to change focus from one task to another. Switching 
is expected to be the more difficult task and thus cause the greater amount of interference 
(Rogers & Monsell, 1995). Even though these functions have been found to be the first to decline 
with aging (Braver & West, 2008), it has been suggested that inhibition may not be impaired due 
to aging (Verhaeghen & De Meersman, 1998). Our results are consistent with this idea that 
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inhibition is not particularly vulnerable with age, but rather suggest that it is the ability to change 
task focus that is more sensitive to both age and aerobic fitness.  
This study found the anticipated lower cognitive performance during Switching when 
compared to the Incongruent block, which is consistent with prior studies observing deficits 
during the Incongruent block due to the general cognitive decreases associated with age 
(Verhaeghen, 1998) and greater deficits during the Switching block (Verhaeghen & Cerella, 
2002, Wasylyshyn et al., 2011). This difference in difficulty may explain the relationship 
between age and Switching SI discussed above. With increasing age follows decreases in 
cognitive function, which is exhibited by lower cognitive performance during a more difficult 
cognitive task. Additionally, fatigue can help explain the higher Switching SI observed. Because 
the order of the Stroop conditions was fixed and all participants were exposed to the Switching 
condition last, that could have led to an increase in fatigue and a decrease in focus on the 
cognitive task. By examining changes in attention using in-vivo functional neuroimaging devices 
(i.e., functional magnetic resonance imaging or functional near infrared-spectroscopy), a better 
sense of the ability of the individual to successfully attend to the task may be seen Thus, future 
work should incorporate such devices into study designs. 
 A major limitation of the present study is the small sample size. Future work should 
examine differences between fitness groups with a larger sample size. In the present study, the 
Stroop blocks appeared in the same order (from easiest to most difficult) which may have led to 
fatigue effects. Thus, future work should consider adding a reverse or random order of blocks to 
eliminate these effects. Lastly, to gain a better sense of aerobic fitness on cognitive performance 
while providing a comparison of balance and mobility tasks, future work should incorporate 




This was the first study to examine the effect of aerobic fitness levels on cognitive 
performance under varying levels of physical dual-task demands in older adults. As such, it 
contributes to our understanding of the role of fitness in mechanisms of cognitive control. 
Notably, this study provides evidence on how aerobic fitness levels impact cognitive 
performance while dual-task walking. This in turn may provide insight for future research to 
examine the effects of an aerobic exercise intervention program on cognitive performance with 
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AEROBIC FITNESS EFFECTS ON PREFRONTAL CORTEX ACTIVATION WHILE 
DUAL-TASKING3 
 
5.1.  INTRODUCTION 
Executive function, which entails effectively planning, monitoring, adjusting, inhibiting, and 
updating working memory (Kudlicka et al., 2011), is essential for performing concurrent motor 
and cognitive tasks, or dual-tasking (Coppin et al., 2006). Executive function has been found to 
be impaired in older adults (Hausdorff et al., 2006; Schmitter & Parsey, 2014).  Impairments in 
executive function have been associated with an increased risk of falls while dual-tasking in 
older adults (Al-Yahya, 2011; Muir-Hunter 2016). Since falls have been reported as the most 
frequent cause of injury in adults over 65 years of age (Labib et al., 2011), which decreases the 
quality of life and has high medical costs associated with it (Holtzer et al., 2007; Kannus et al., 
2005; Rubenstein et al., 2006), it has become a serious concern for society. Thus, it is essential to 
examine how to improve executive function while dual-tasking in older adults.   
Through neuroimaging methods, it has been found that the prefrontal cortex (PFC) controls 
executive function and is responsible for overseeing and coordinating attentional resources while 
dual-tasking (Herman et al., 2010; Stelzel et al., 2009; Turner and Spreng, 2012). Until recently, 
it was very difficult, unfeasible, and unreliable to examine and observe changes in brain activity 
while moving. Fortunately, the use of portable neuroimaging modalities such as functional Near-
Infrared Spectroscopy (fNIRS), have been validated for examining hemodynamic responses in 
the PFC while walking (Hamacher et al., 2015; Holtzer et al., 2011; Miyai et al., 2001). An 
fNIRS apparatus is placed on a participant’s head composed of a light source that via light-
                                                          
3 Co-authored by Manuel Hernandez and published in this dissertation with their permission.  
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emitting diodes (LEDs) with a detector that receives the light after it has been scattered through 
the underlying tissue. This imaging device is based on near-infrared (650-1000 nm) light that is 
propagated into the tissue and is absorbed by oxy-hemoglobin (HbO2) and deoxy-hemoglobin 
(Huppert et al., 2006). These have both been established as markers of oxygen utilization and 
delivery (Bunce et al., 2006).  
Because executive function is controlled by the PFC, research has started to examine PFC 
activation patterns related to fitness levels. Studies have established a positive relationship 
between activation patterns, exercise, and cognitive performance in older adults; higher fit 
individuals exhibit greater activation levels and better cognitive performance (Albinet et al., 
2014; Dupuy et al., 2015; Prakash et al., 2011). Interestingly, Makizako et al. (2013) found that 
older adults who spent more time outdoors (i.e., perhaps participating in more physical activity) 
exhibited higher PFC activation. To date, only Wong (2015) has examined PFC activation (as 
measured with fMRI) while dual-tasking (e.g., letter and number discrimination task) in 
aerobically fit older adults and found greater activation in several brain areas of the higher 
aerobically fit older adults. Studies have examined PFC activation patterns while dual-task 
walking and have found higher PFC activation while dual-task walking when compared to 
walking only and in younger adults compared to older adults (Holtzer et al., 2015). 
Unfortunately, the relationship between aerobic fitness levels and PFC activation patterns when 
going from 1) single-task walking to dual-task walking or 2) dual-task standing to dual-task 
walking in older adults has not been examined. By examining such relationships, it would 
provide insight into the potential benefits of aerobic fitness on executive function when altering 
motor dual-task demands (i.e., standing to walking).  
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Additional roles of executive function, such as attentional control and cognitive inhibition, or 
having the ability to suppress irrelevant information (Bench et al., 1993), have been assessed 
through the Stroop color word task (Stroop, 1992), which examines selective attention, 
inhibition, and interference control (Adleman et al., 2002; Leon-Carrion et al., 2008; Schroeter et 
al., 2004). In the modified Stroop (MSCWT), there is an additional switching condition, which 
has been used to examine PFC activation differences between younger and older adults (Laguë-
Beauvais et al., 2013) and has been found to be the most difficult condition (Rogers & Monsell, 
1995). Thus, this study incorporated the MSCWT as part of the dual-task paradigm to examine 
the effect of an increase in cognitive load while dual-tasking in older adults. 
5.1.1 Purpose 
To examine how aerobic fitness levels affect executive function required to dual-task, we 
investigated whether PFC activation differed while dual-tasking and between the aerobic fitness 
groups as task difficulty increased. Because higher PFC activation patterns are associated with 
greater aerobic fitness levels and are present while dual-tasking in young adults when compared 
to older adults, we hypothesized that 1) higher fit individuals would exhibit a greater change in 
PFC activation (i.e., oxygenated hemoglobin [HbO2] level) from single to dual-task walking 
when compared to lower fit individuals and 2) those individuals with higher fitness levels would 
demonstrate higher PFC activation patterns than those individuals with lower fitness levels while 
dual-task walking when compared to dual-task standing. Furthermore, these effects would be 
greater particularly during the most difficult MSCWT condition (i.e., switching). Study findings 
will provide a better understanding of the benefits of aerobic fitness on the executive function 




5.2.     METHODS 
 
5.2.1 Participants 
Twenty-four healthy older adults (68.6 ± 10.6 years of age, 18 females) were included in this 
study. Participants were excluded if they had dementia based on the Telephone Interview for 
Cognitive Status score <19 (Welsh et al., 1993), depression based off the short Geriatric 
Depression Scale score >10/30 (Yesavage et al., 1982), and color blindness based off the 
Ishihara 38 Plates CVD test on Colblindor. They were included if they did not report any 
neurologic, orthopedic, or cardiovascular condition, had no physical disabilities, were right-
handed, and had the ability to walk independently (e.g., without an assistive device). Before any 
testing began, all participants read and signed a written statement of informed consent. The study 
was ethically approved by the local human studies committee. 
5.2.2 Protocol 
Participants visited the lab two times for data collection. Demographic and anthropometric 
data were collected during the first visit. Participants also completed a series of questionnaires, 
received treadmill training, and performed the Rockport 1-mile walk test (MWT) (Rockport 
Shoes Walking Institute, 1986). Questionnaires included: 1) the 8-short forms from the Patient-
Reported Outcomes Measurement Information System (PROMIS) using the PROMIS-57 Profile 
(v2.0) to assess anxiety, depression and fatigue (Cella et al., 2007); and 2) the Repeated Battery 
for the Assessment of Neuropsychological Status (RBANS) to assess cognitive function 
(Randolph et al., 1998). On the second visit, participants received training on the MSCWT and 




5.2.3 Rockport 1-mile walk test (MWT) 
The MWT was used as an alternative to estimate maximal oxygen consumption (Kline et al., 
1987). During this test, participants were asked to walk 1 mile (1609 meters/8 laps) in an indoor 
track as briskly as possible while wearing a heart rate monitor (Polar HR monitor). A research 
assistant recorded the heart rate (beats per minute) and time to completion. The formula that was 
used to calculate VO2 max is: 132.853 - (0.0769 × Weight-lbs) - (0.3877 × Age-years) + (6.315 × 
Gender-0 female, 1 male) - (3.2649 × Time-seconds) - (0.1565 × Post Heart rate-beats per 
minute). MWT has been deemed as a valid assessment for VO2 max estimation and has a strong 
correlation (r=0.88) with a direct measure of VO2 max (Kline et al., 1987). Based off their scores 
on the test, individuals were divided into two equal groups of either individuals with higher 
fitness levels or individuals with lower fitness levels. 
5.2.4 MSCWT 
The MSCWT consisted of four separate blocks: Neutral, Congruent, Incongruent, and 
Switching. Neutral trials consisted of X’s as the stimuli (e.g., “XXXX”) printed in different 
colors (e.g., red, blue, green, yellow). Congruent trials consisted of words as the stimuli (e.g., 
“RED,” “GREEN,” “BLUE,” and “YELLOW”) printed in the matching color. For these blocks, 
participants were asked to read aloud the color of the stimuli as fast as possible when the stimuli 
appeared. Incongruent trials consisted of the same words printed in unmatched colors as the 
stimuli (e.g., the word “RED” in blue). For this block, participants needed to inhibit the action of 
reading aloud the word and instead read aloud the color of the word (e.g., read aloud “blue” 
instead of saying “red”). In the Switching trials, participants had the same stimuli and 
instructions as the Incongruent block, but when the colored word appeared inside a white 
outlined box, they needed to switch between saying the color of the word and reading the word 
itself (e.g., if see “RED” in blue, the participant must switch between saying “blue” or reading 
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“red”). At the beginning of each Switching trial block, participants were informed about which 
task to start with (e.g., either reading the word or saying the color).  
Each block in the MSCWT consisted of 40 trials (except Neutral for 20 trials). During the 
Switching block, the task switched every 3-5 trials and the colored stimuli was 
pseudorandomized so that each participant was exposed to a random word and color combination 
during. Each stimulus appeared on the screen in front of the treadmill for 2.5 seconds or until a 
response was made. If a response was not made within the stimulus time frame, that trial was 
eliminated from analysis. Before the start of each trial, a fixation cross appeared for 1.5 seconds 
to allow participants to prepare to make a response. The order of blocks was not randomized and 
appeared from easiest to most difficult task (e.g., from Neutral, Congruent, Incongruent, to 
Switching). Cognitive performance during the MSCWT was assessed with the accuracy score 
(i.e., mean of total correct responses), which was collected through the E-Prime software 
package (E-prime, Psychology Software Tools, Inc, U.S.A.).  
5.2.5 Dual-task paradigm 
The paradigm consisted of three randomized trials: 1) walking comfortably (W), 2) 
standing with the MSCWT (ST), and 3) walking with the MSCWT (WW). The MSCWT 
included four conditions (Neutral, Congruent, Incongruent, and Switching). The Forcelink C-
Mill 3Q treadmill (C-Mill, Motekforce Link, Culemborg, The Netherlands) was used for the 
dual-task paradigm. It provides for real-time, automatic, speed adjustments, which traditional 
treadmills do not allow for in a training environment. This allowed for participants to behave 
comfortably in an adaptable setting and in a safe testing environment with the use of a harness 
system. For safety purposes, all participants wore a harness across all walking conditions (see 
Figure. 5.1.). Participants were asked to walk at their comfortable speed and were reminded 
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about the self-paced functionality. Each walking condition started with a period that allowed the 
participant to reach their comfortable walking speed. Once they made the research assistant 
aware that they had reached their comfortable walking speed, the MSCWT block began. For the 
W trial, participants walked on the treadmill for two minutes. Participants stood or walked on the 
treadmill while completing the MSCWT conditions for the ST and WW trials, respectively. 
Spatiotemporal gait characteristics such as step length, stride length, and stride time were 
recorded by the CueFors 2 software and used to calculate average treadmill gait speed during the 
W and WW trials.  
 
Figure. 5.1. Experimental set-up 
 
5.2.6 Prefrontal lobe activation 
PFC activation was assessed during the three trials: W, ST, and WW. Each trial started and 
ended with 10 s of standing quietly (baseline). All participants were asked to look forward and 
count silently in their head. After these 10 s, the instructions on the specific condition were given. 
The quiet standing of 10 s before each task served as the baseline reference for HbO2 PFC 
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activation, as described elsewhere (Ohsugi et al., 2013). To minimize the effects of fatigue, 
participants were given the opportunity to take rest breaks between conditions.  
As described in Chaparro et al. (2017), changes in oxygenated hemoglobin (HbO2) 
concentrations in the prefrontal cortex were measured with an fNIRS sensor headband (fNIR 
Imager 1200, fNIR Devices LLC, Potomac, MD). The headband consisted of 10 photodetectors 
and 4 LED light sources with a 2.5 cm source-detector separation distance that provided coverage 
of the forehead with 16 optodes and a 2 Hz sampling rate. The center of the headband sensor was 
placed on the central point of the forehead above the nasion (Fpz) in accordance with the 10/20 
system used in electroencephalography. HbO2 levels were used for this study because of the 
reliability in evaluating cortical activation and measuring gait-related changes in cerebral 
oxygenation (Doi et al., 2013; Vermeij et al., 2012).  
5.2.7 Data processing 
The fNIRS data were acquired through the COBI Studio software and processed and 
analyzed using custom MATLAB scripts. The raw data were visually inspected for excessive 
noise, saturation or dark current conditions. To remove the physiological effects (e.g., breathing 
and heart rate) and any additional noise, the raw data were filtered using a low-pass filter with a 
cut-off frequency at 0.14Hz (Izzetoglu et al., 2010). HbO2 levels were calculated by using the 
modified Beer-Lambert law for each of the 16 channels (Boas et al., 2002). The concentration 
changes in HbO2 included: 10 s before each condition (baseline), during the testing condition, 
and 10 s after each condition to return to baseline. The change in HbO2 (i.e., Delta HbO2) was 





5.2.8 Statistical analysis 
Custom MATLAB scripts were used for exporting to R, version 3.1.1. Statistical significance 
was set at 0.05. For the first hypothesis, linear mixed model analysis was used to examine 
differences between groups (individuals with higher fitness levels and individuals with lower 
fitness levels) and Delta HbO2 for each Stroop condition. For the second hypothesis, a linear 
mixed model was used to analyze the difference in HbO2 levels between groups (individuals with 
higher fitness levels and individuals with lower fitness levels), task (ST and WW), and Stroop 
condition. Random intercepts were included by-individuals and by-task across optodes. Data 
were visually inspected and the assumptions for the linear mixed model test were met. To control 
for multiple comparisons, post-hoc t-tests were carried out using Hochberg’s step-up method. 
Secondary analysis included running Pearson correlations between PFC activation patterns and 
confounding factors related to increases in HbO2, such as age, cognitive function, anxiety, 




Participant characteristics are presented in Table 5.1.. As expected, there were significant 
group differences in the estimated VO2 max (p < .01); those individuals with higher fitness levels 
had higher levels of estimated VO2max when compared to those individuals with lower fitness 
levels. Compared to normative values, the mean estimated VO2max of the individuals with 
higher fitness in the present study falls between a fitness rating of good and superior for males 
and females, respectively. The mean estimated VO2max of the individuals with lower fitness in 
the present study falls between a fitness rating of poor and fair for males and females, 
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respectively (The Physical Fitness Specialist Certification Manual, 1998). There were no 
significant differences between the groups in the other characteristics.  
5.3.2 Changes in PFC activation levels from single to dual-task walking  
Changes in PFC activation levels from single to dual-task walking (Delta HbO2) across 
each Stroop condition are presented in Figure 5.2.. Results from the linear mixed model 
exhibited a significant Stroop condition effect (p < .001) and a two-way interaction between 
Stroop condition and cohort (p = .01). Post-hoc results indicated that when compared to the 
Neutral condition: 1) those individuals with lower fitness levels exhibited greater delta HbO2 
during Congruent (p = .01) and Switching Stroop conditions (p < .001) and 2) those individuals 


















Participant characteristics (Mean ± SD presented) 
Characteristic LF (n=12) HF (n=12) p-value 
Age (yrs) 69 (11.3) 68 (10.3) 0.420 
Gender (M/F) 3/9 3/9 1.000 
Years of higher education (yrs) 7 (3.5) 8 (7.5) 0.430 
VO2 max (estimated ml*𝑘𝑔−1* 𝑚𝑖𝑛−1) 23 (9.2) 34 (7.1)  0.005 * 
PROMIS-Anxiety (max 80) 45 (6.1) 47 (9.0) 0.550 
PROMIS-Depression (max 80) 45 (6.9) 44 (6.6) 0.740 
PROMIS-Fatigue (max 75) 44 (8.4) 42 (6.7) 0.670 
RBANS (max 160) 100 (10.6) 101 (11.5) 0.870 
*Significantly different from HF (p < .01)  
LF= Lower fit individuals. HF= Higher fit individuals. PROMIS=Patient-Reported Outcomes 
Measurement Information System. RBANS = The Repeated Battery for the Assessment of 





Figure. 5.2. Mean ± SE of Delta HbO2 levels during each Stroop condition. P values represent 
post-hoc analysis results. *LF exhibited greater Delta HbO2 during Congruent when compared to 
Neutral (p = .01). ***LF exhibited greater Delta HbO2 during Switching when compared to 
Neutral (p < .001). **HF exhibited greater Delta HbO2 during Incongruent when compared to 
Neutral (p < .05). 
N= Neutral. C= Congruent. I= Incongruent. S=Switching. HF= Higher fit individuals. LF= 
Lower fit individuals.  
 
5.3.3 PFC activation level changes from dual-task standing to walking 
PFC activation across each task are presented in Figure. 5.3.. Results from the linear mixed 
model exhibited that there was a significant: 1) Stroop condition effect (p < .001); 2) cohort 
effect (p < .01), that is when compared to those individuals with lower fitness levels, those 
individuals with higher fitness levels exhibited 41% greater PFC activation; 3) task effect (p < 
.001), that is when compared to dual-task standing, participants exhibited 33% greater PFC 
activation patterns during dual-task walking; and  4) interaction between Stroop condition and 
cohort (p = .02).  
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Post hoc analysis allowed for these effects to be clarified further. For those individuals with 
higher fitness levels: 1) When compared to ST with Congruent, greater PFC activation was seen 
during ST with Incongruent and WW Congruent, Incongruent, and Switching (p < .001); 2) 
When compared to WW Neutral, greater PFC activation was seen during ST with Incongruent 
and WW Congruent, Incongruent, and Switching (p < .001); 3) When compared to WW 
Switching, lower PFC activation patterns was seen during ST with Neutral and Switching (p < 
.001). Those individuals with lower fitness levels: 1) When compared to WW Neutral, they 
exhibited greater PFC activation patterns while WW Congruent and Incongruent (p < .001). 2) 
When compared to WW Switching, they exhibited lower PFC activation patterns during all ST 
MSCWT conditions and during WW Neutral and Incongruent (p < .001). When comparing 
groups (individuals with higher fitness levels and individuals with lower fitness levels), post-hoc 
indicated that they differed only during ST with Incongruent (p < .001). These results have can 
be seen in Fig. 5.3..  
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Figure. 5.3. Mean ± SE of PFC activation across each Task for each Stroop condition.  
N= Neutral. C= Congruent. I= Incongruent. S=Switching. HF= Higher fit individuals. LF= 
Lower fit individuals. 
 
5.3.4. Secondary Analysis 
Correlational analysis examining confounding factors (such as age, cognitive function, 
anxiety, depression, fatigue and accuracy) did not reveal any significant results. There was 
however, a significant negative correlation between PFC activation patterns and gait speed in 
those individuals with lower fitness levels only (r = -.41, p = .002). Closer look inspection of 
each Stroop condition in those individuals with lower fitness levels, revealed significant negative 
correlations between gait speed and PFC activation patterns during WW Neutral (r = -.71, p = 
.01) and WW Switching (r = -.65, p = .03) conditions. That is, as those individuals with lower 
fitness levels walked slower during Neutral and Switching conditions, they exhibited greater 
PFC activation patterns. These findings are further illustrated in Figure. 5.4..  
               
                
        
 
   
   
   











      
  
  
    
                




Figure. 5.4. Correlations between mean ± SE of PFC activation and gait speed across each Task 
for each Stroop condition. Results from Pearson R correlations shown. * Indicates a significance 
at p < .05. Note: Due to the non-significant findings for the individuals with higher fitness levels, 
this figure only illustrates behavior exhibited by the lower fit individuals. 
 
5.4. DISCUSSION 
In this study, we used fNIRS technology to investigate the effects of aerobic fitness levels on 
PFC activation while dual-task walking in older adults. Our results revealed several findings: (1) 
Participants had lower delta HbO2 while Walking with the easiest Stroop condition when 
compared to the other conditions; (2) Low fit individuals exhibited greater delta HbO2 while 
Walking with Congruent and Switching condition when compared to Walking with Neutral 
condition; (3) Both cohorts exhibited greater PFC activation levels as task difficulty increased; 
(4) Groups had significantly different PFC activation levels only in the Standing with 
Incongruent condition; and 5) As PFC activation increased, gait speed decreased in individuals 
with low fitness levels. 
Delta HbO2 was calculated as Walking with (under each Stroop condition) – Walking. Thus, 
when participants exhibited lower delta HbO2 during the easiest Walking with Stroop condition, 
that was an indication that compared to the other MSCWT conditions, there was lower PFC 
activation during the dual-task walking than during single-task walking. The response to 
neuronal activation is an increase in HbO2 values, which are related to an increase in blood 
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volume in the brain (Kato et al., 1993). During an easy cognitive dual-task condition, participants 
do not require the utilization of more oxygen which results in lower delta HbO2 compared to the 
other dual-task conditions. This is consistent with Ohsugi (2013) who found that due to increases 
in cognitive load, older adults exhibited greater PFC activation while dual-task walking when 
compared to a single task. This is partly consistent with similar research in which individuals 
exhibit increases in PFC activity as the difficulty of cognitive dual-task demands increase (Fraser 
et al., 2016; Mirelman et al., 2014). Furthermore, these findings are similar to studies finding 
higher PFC activation while dual-tasking when compared to single-task walking or standing in 
older adults (Holtzer et al., 2011. 2015; Mirelman et al., 2017; Ohsugi et al., 2013).  
Partially consistent with our hypothesis, the results demonstrated that when compared to the 
Walking with Neutral condition in those with higher fitness individuals, there was only a 
significant increase in delta HbO2 during the third hardest Walking with Stroop condition (i.e., 
Incongruent), but not during the most difficult one (i.e., Switching). Contrary to our hypothesis, 
lower fit individuals had greater delta HbO2 during the hardest Walking with Stroop condition 
(i.e., Switching) when compared to Walking with Neutral. These findings are inconsistent with 
results from a similar study (Wong et al., 2015), where it was found that older adults who were 
more fit had greater activation in several brain areas (e.g., anterior cruciate cortex, 
supplementary motor cortex, basal ganglia, and thalamus) while dual-tasking. It is important to 
note that Wong et al., (2015) examined activation using functional magnetic resonance imaging 
(fMRI) which can reach subcortical areas not reached by fNIRS. Additionally, the cognitive 
dual-task paradigm incorporated in their study consisted of a letter and number discrimination 
task (i.e., no motor-cognitive dual task).  
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Due to the previously discussed benefits of aerobic fitness on cognitive function, it was 
hypothesized that the higher fit individuals would exhibit greater delta HbO2 while dual-task 
walking when compared to lower fit individuals, particularly during the hardest dual-task 
walking condition (i.e., Switching). However, our results indicated that only the low fit 
individuals had significantly greater delta HbO2 while Walking with Switching condition. These 
results are consistent with Fraser et al. (2016) who found that as difficulty in the n-back test 
increased while walking (e.g., 1-back to 2-back), the older adults exhibited a greater delta HbO2 
during the hardest cognitive condition when compared to the younger adults. An explanation for 
this type of behavior can be that of a learning effect; perhaps the higher fit individuals were able 
to better manage the Switching condition due to the exposure of the other Stroop conditions first. 
That is, the higher fit individuals benefited from the order of Stroop conditions by demonstrating 
a smaller delta HbO2 in the last and most difficult Walking with Stroop condition when 
compared to the lower fit individuals. Moreover, this behavior is consistent with Hatakenaka et 
al. (2007) who found simultaneous decreases in delta HbO2 with increased task repetitions.  
These results are also consistent with the aging literature in which older adults exhibit greater 
PFC activation levels while dual-tasking when compared to a single task and younger adults 
(Ohsugi et al., 2013). The increase in PFC activation levels observed in older adults versus 
young adults has been explained by the age-related cognitive decline (Logan et al., 2002) and the 
increased effort to perform better (Cabeza, 2002; Reuter-Lorenz, 2002). Several theories have 
been introduced to help explain the increased activation observed in older adults when 
compared to young adults. The Hemispheric Asymmetry Reduction in Older Adults refers to the 
less effective lateralized activation of the PFC observed with increasing age, which leads to 
activation increases in the bilateral areas (Cabeza et al., 1997; Reuter-Lorenz, 2000; Vermeij, 
97 
 
2012). The posterior-anterior shift in aging (PASA) refers to older adults exhibiting a decrease in 
activation of the occipitotemporal region of the brain while increasing activation in frontal areas 
(Grady et al., 1994; Davis et al., 2008). The neural compensation theory or Compensation-
Related Utilization of Neural Circuits Hypothesis (Reuter-Lorenz and Cappell, 2008), states that 
due to the age-related structural declines, older adults recruit more of the frontal areas (due to the 
less efficient processing present or effective use of these regions) than younger adults, which 
reflects a compensatory action (Cabeza, 2001; Heuninckx et al., 2008; Spreng et al. 2010; Stern 
Y, 2002; Stern et al., 2005). In the present study, secondary analysis indicated that there were no 
significant differences between the PFC activation of the left and right mediolateral sides (see 
Table 5.2.). Such findings indicate that the HAROLD model may not be able to fully explain the 
observed results. Thus, the greater delta HbO2 exhibited by the low fit individuals during the 
Switching condition can be due to a shifting in activation from the posterior to the anterior areas 
(as explained by PASA) or compensating and recruiting more frontal areas, analogous to age-
related declines (as explained by CRUNCH). Ultimately, these findings indicate that the low fit 
individuals are more prone to exhibit similar behavior as of older adults, when compared to 








Table 5.2. Effect of task and cohort on left vs right prefrontal HbO2 levels 
Effect SS df F p-value 
HbO2 (mean) 
    
    Task 20.79 1 2530.55 2.355e-07 *** 
    Cohort 1 1 1.3 2.60E-01 
    Channel sides 0.13 1 0.17 0.68 
    Task*cohort 2.65 1 3.42 0.06 
***p < .001     
NOTE: SS= sum of squares, df= degrees of freedom  
Abbreviations: HbO2= Oxygenated hemoglobin 
Both groups (individuals with higher fitness levels and individuals with lower fitness levels) 
displayed greater activation as the physical (e.g., standing to walking) and cognitive task 
demands (e.g., Neutral to Switching) increased. The increases in activation that occurred with 
increasing cognitive task demands are similar to findings in young adults (Mirelman et al., 2014) 
and older adults (Fraser, 2016). Increases in activation when going from standing to walking 
were observed by Mirelman et al. (2014). While walking requires bilateral coordination of limb 
movements and dynamic postural control maintenance, standing doesn’t. Therefore, it has been 
established that standing requires 1) less attention than walking (Yogev-Seligmann et al., 2013) 
and 2) less cortical control than walking (Miyai, 2001; Wang et al., 2008). This can explain the 
expected increase in activation when going from Standing to Walking.  
In the present study, higher fit and lower fit individuals had significantly different PFC 
activation patterns only while Standing with Incongruent. Because analysis did not indicate any 
significant relationships between Stroop accuracy and PFC activation patterns during this 
condition, discussion on cognitive performance being the potential cause of PFC difference 
between the cohorts cannot be made. As seen in Figure. 5.3., while the lower fit individuals did 
not show much change in PFC activation across the Standing Stroop conditions, the higher fit 
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individuals exhibited an increase in PFC activation while Standing with Incongruent. Such 
findings can be elucidated by the positive relationship between aerobic fitness and brain 
adaptability and efficiency; higher aerobic fitness leads to increased ability for the brain to adapt 
and be efficient (Colcombe et al., 2004; Prakash, 2011; Voss et al., 2010). An individual who has 
brain networks that are more efficient, flexible, or have greater capacity, will have a higher 
coping capability (Stern, 2002). Thus, due to the greater neural efficiency that may have been 
present in the more fit individuals, they demonstrated an ability to adapt to increasing cognitive 
task demands (from Congruent to Incongruent conditions) while Standing.  
The observed uniformity in PFC activation levels in low fit individuals across the Stroop 
conditions while Standing can be explained by studies demonstrating how higher fitness levels 
lead to greater levels of cerebral oxygen supply and cerebral perfusion while lower fitness levels 
lead to decreased oxygenation levels and inefficient blood flow (Dupuy et al., 2015; Fabiani, 
2014; Fu et al., 2013). Vascular mechanisms caused by exercise, such as angiogenesis and 
increases in endothelial function, contribute to the vascular health and cerebral blood flow that 
may be found in individuals with higher fitness levels (Ainslie et al., 2008; Bolduc et al., 2013; 
DeVan & Seals, 2012). Thus, because of these cerebrovascular benefits associated with higher 
aerobic fitness, it can be assumed that the uniformity in PFC activation observed in the lower fit 
individuals is due to the lower cerebrovascular health present when compared to those 
individuals with higher fitness levels. Inconsistent with Zarahn et al. (2007), the neural 
inefficiency model states that due to age-related changes in structure and function, the brain is 
inefficient in its ability to allocate resources and has greater activation. The neural compensation 
theory has been introduced, which refers to recruiting a new brain network to compensate for 
the current brain network that is no longer capable of functioning the same due to age-related 
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declines (Stern Y, 2002; Stern et al., 2005). Thus, can possibly help explain the uniformity in 
PFC activation patterns observed in the low fit individuals.  
While previous studies have been able to explain the increased PFC activation with cognitive 
function measures (Ohsugi, 2013), we did not find any significant correlations between delta 
HbO2 and cognitive function as measured by the RBANS. There was however, a negative 
relationship between PFC activation patterns and gait speed in individuals with low fitness 
levels. Specifically, this relationship existed in the dual-task conditions with the easiest cognitive 
task (i.e., Neutral) and the hardest cognitive task (i.e., Switching). Individuals with low fitness 
levels had higher PFC activation patterns as they walked slower in the Neutral and Switching 
conditions. Though peculiar, this relationship between PFC activation and gait speed is an 
indication that individuals with lower aerobic fitness levels walk slower and require greater 
amounts of oxygen delivery/utilization during the first Stroop condition (perhaps due to 
familiarization) and the last and most difficult Stroop condition (perhaps due to the greater 
cognitive load). 
The present study has several key limitations. Because our participants did not exhibit 
cognitive impairments, findings cannot be generalized to populations of individuals with 
cognitive impairment. Because fNIRS has limited spatial resolution, allowing examination only 
at the cortical surface of the PFC, future research is needed to examine the effects of larger and 
deeper areas (e.g., premotor and primary motor cortex, basal ganglia, supplementary motor area) 
with other neuroimaging techniques such as fNIRS helmets or electroencephalogram (EEG). By 
doing so, it would assist with clarifying the cognitive and motor areas contributing to dual-task 
walking. In the current study design, the order of presentation of the Stroop conditions (i.e., from 
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easier to harder) may have led to potential decreases in the task effects while dual-tasking. Future 
work should incorporate the randomization of cognitive task demands.  
5.5. CONCLUSION 
Consequently, conclusions should be taken with caution. Still, despite these limitations, 
the present findings provide the first evidence of the effects of aerobic fitness on PFC activation 
while dual-task walking in older adults. Study findings highlight the benefits of aerobic fitness 
on PFC activation while dual-tasking. This provides future researchers and clinicians with 
incentive to examine causal relationships between aerobic exercise interventions and PFC 
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The current study designed three experiments aimed at determining the effects of aerobic 
fitness on dual-task walking in older adults. The three experiments utilized modulations of the 
single task and dual task demands while examining physical and cognitive dual-task performance 
and recruitment of attentional resources. Doing so, allowed the study to gain a comprehensive 
view of the aerobic fitness effects on dual-task walking in older adults. The primary result of the 
present work highlighted the beneficial effects that aerobic fitness levels plays on dual-task 
performance and the recruitment of attentional resources required to dual-task. Lower physical 
dual-task performance observed in individuals with lower aerobic fitness levels can be explained 
by theories such as the capacity sharing and bottleneck theories which allow for a further 
understanding of CMI. Lower cognitive dual-task performance observed in individuals with 
lower estimated VO2 max scores can be explained by both the biological mechanisms associated 
with aerobic fitness levels and the inverse relationship between age and cognitive function. 
Lastly, the greater recruitment of attentional resources observed in individuals with lower 
aerobic fitness levels can be explained by theories such as PASA and CRUNCH which indicate 
similarities in behavior between individuals with low aerobic fitness levels and older adults when 
compared to younger adults, when going from a single to a dual-task walk. However, upon 
further analysis, there were no significant relationships within the main dependent variables 
included in this study (see Table 6.1.). Thus, such findings do not support the use of the 
CRUNCH model as a potential explanation of the current findings. Overall, the findings from 
this study indicate that while dual-task walking, individuals with lower aerobic fitness levels or 
lower estimated VO2max scores exhibit greater decrements in physical and cognitive dual-task 
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performance and greater recruitment of attentional resources when compared to individuals with 
higher aerobic fitness levels or higher estimated VO2max scores. As a whole, the behavior 
exhibited by the low fit individuals is consistent with the neural efficiency model which 
discusses the decreases in performance regardless of increases in PFC activation. 
The current results have worthwhile clinical significance. Being aware that individuals 
with lower aerobic fitness levels exhibit greater impairments in physical and cognitive dual-task 
performance and recruit greater attentional resources when compared to higher fit individuals 
while dual-task walking allows for a first glance understanding on how aerobic fitness levels 
affects dual-task performance and attentional resources required. These findings indicate that 
while these impairments found in lower fit individuals are directly and indirectly connected to 
the risk of falls in older adults, the higher fit individuals with lower impairments may be at a 
lower risk of falling. Thus, this study provides support for future clinical studies to examine the 
effects of an aerobic exercise intervention on PFC, CMI, and SI while dual-task walking in older 









Table 6.1. Results from supplementary analyses indicating no relationship between the main 
dependent variables (n=22).  
  Delta PFC DTC-GS SIIN SISW 
DTC-GS p= .71, r= .04    
SIIN p= .09, r= -.18 p= .75, r= .03   
SISW p= .52, r= -.07 p= .69, r= -.04 p= .84, r= .02  
Single-task GS p= .2, r= -.14 p= .16, r= .15 p= .15, r= .15 p= .22, r= .13 
Abbreviations: Delta PFC= Change in prefrontal cortex activation patterns; DTC-GS= Dual-
task cost of gait speed; SIIN= Incongruent Stroop Interference; SISW= Switching Stroop 
Interference; GS= Gait speed. 
 Ultimately, the current results contribute to the significance of aerobic fitness levels on 
cognition and specifically highlight the benefits of aerobic fitness for dual-task walking in older 
adults. Future work is warranted to confirm any causal relationships between aerobic fitness and 
cognition related to dual-task walking. Furthermore, to focus on the clinical significance, future 
studies should examine the direct relationship between falls and aerobic fitness levels. To 
remove any potential discrepancies regarding the addition of a physical task such as walking, 
future studies should incorporate physical dual-tasks that do not require balance/mobility (e.g., in 
a seated position or cycling on a reclined bike). Lastly, it is recommended that the research in 
this field examine clinical populations that may be at a greater risk of falls to gain insight on the 
benefits of aerobic fitness for more at-risk populations and further build aerobic exercise 
guidelines to follow for improving cognition related to dual-task walking and decrease falls risk.  
 
